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ABSTRACT
Release o f energy-related contaminants occurs ubiquitously in the environment. Cancer
induction by polycyclic aromatic hydrocarbons (PAHs) and aromatic amines have been well
recognized in the workplace and are also suspected among the general population. Environmental
PAHs exposure and effects have been investigated using biomarkers in aquatic and, to a lesser extent,
terrestrial animals. Attempts to monitor the presence and effects o f PAHs through the detection o f
point mutations in genes involved in carcinogenesis (pS3 and K-ras) would yield interesting clues
regarding possible etiologic agents and their potential effect. The identification of a mutation type,
known to be G->T transversion predominantly with PAHs and aromatic amines, would be indicative
o f these families o f chemicals, while their presence in a tumor suppressor gene and an oncogene
represents additional molecular hits with potential biological significance. Achievement o f this goal
requires the development o f Polymerase Chain Reaction / Restriction Enzyme / Ligase Chain
Reaction assays which are able to detect and identify rare mutations in non-neoplastic tissues with
sensitivities greater than KT6 for various genomic sites in humans. Cotton rats (Sigmodon hispidus)
appeared to be a good candidate bioindicator. Inbred Cotton rats were used to assess the sensitivity o f
this species to the toxic effects o f PAHs using benz[a]anthracene (BaA) and 2-aminoanthracene
(2AA). Although Cotton rats appeared to have the metabolic capabilities to yield reactive diol epoxide
and aromatic nitrenium intermediates, their response to the toxic effects o f BaA was not obvious after
two weeks per os exposure as compared to F344 rats based on their food intake. 2AA toxicity and
carcinogenicity were also reduced in Cotton rats compared to F344 rats following per os and
intraperitoneal exposure as assessed by the absence o f decrease in food intake and in weight gain, and
the non-occurrence o f preneoplastic and neoplastic lesions. However, the adaptation o f the mutation
detection assay to the selected species did not yield the desired sensitivity secondary to primer
misalignement and polymerase fidelity error. These results highlight the risk inherent in extrapolation
from one species to another and suggest that Cotton rats may not be a sensitive bioindicator o f PAHs
exposure.
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CHAPTER 1:
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are characterized structurally by two or more
fused benzene rings in linear, angular or cluster arrangements (Blumer, 1976). They are incomplete
combustion products derived from coal, wood, oil, gas or organic matter. During the process of
pyrolysis, alkylation may occur depending on the temperature at which the process takes place.
Unsubstituted PAHs are formed principally at high temperatures, whereas a majority o f alkylated
PAHs is formed at lower temperatures (Harvey, 1991a). Formation o f PAHs occurs naturally
(volcanoes, forest fires) as well as by human activities (petro-chemical industries, vehicle exhausts,
heating activities, cooking and smoking). These compounds are, thus, ubiquitous. They are found in
numerous media: air, soil, water systems and sediments. In air, they are mainly adsorbed on particles
that can be deposited in soil. Runoff can displace these compounds from soil to water, from where
they would tend to accumulate in sediments (ATSDR, 1993; Harvey, 1991a). One fourth o f the 1,410
sites listed or proposed to be listed on the National Priority List exhibit levels o f PAHs of concern
(Warshawsky, 1999). Daily exposure of humans and other living organisms to PAHs is significant, as
illustrated by the numerous data regarding measurement o f various PAHs from different media. PAHs
have been detected in tissues from aquatic species (Sirota et al., 1983), and terrestrial species may be
exposed through point sources, such as hazardous waste sites and industries. An estimate of
benzo(a)pyrene quantity annually released into the atmosphere was 1300 tons for the USA (Grimmer
and Pott, 1983). Daily exposure among the general population has been estimated to be 1.8 to 16 pg
o f PAHs (ATSDR, 1993). However, smoking, dietary habits and level o f atmospheric PAH pollution,
which can range from 1.5 ng / m3 (Grimmer and Misfeld, 1983) to I mg / m3 (Christiani, 1993)
increases daily exposure.
The carcinogenicity o f PAH-containing organic matter has long been recognized in humans
as well as in animals, from the early observation by Sir Percival Pott in 1775 o f soot-induced scrotum
cancer in chimney sweeps to the induction o f coal tar-induced skin neoplasms in rabbits in 1915 (Pitot
and Dragan, 1996). PAHs exercise their carcinogenicity after activation into reactive metabolites by

1
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phase I and, sometimes, phase II enzymes. The electrophilic metabolites interact with nucleophilic
macromolecules such as proteins and DNA. These adducts potentially result in mutation during DNA
replication. Preferential adduction and preferential repair can influence the site o f mutation
occurrence. Certain guanine bases are preferentially targeted by PAHs (Denissenko et al., 1996).
Nucleotide sequence and chromatin structure also influence adduct formation (Bohr et al., 1987).
Repair o f adducted bases is faster in transcribed strand versus non-transcribed strand o f active genes
(Lindahl and Wood, 1999) versus inactive genes (ap Rhys and Bohr, 1996). Repair also varies
depending on the adduct (McGregor et al., 1997) as well as the nucleotide position (Bohr et al., 1987;
McGregor et al., 1997). Promutagenic potential o f an adduct may also depend on its conformation and
sequence context (McGregor et al., 1997). The formation o f fixed mutations requires cell division. As
a result, overall mutation frequency may be different from mutation frequency for a given site.
Spontaneous mutation frequencies have been estimated based on studies with a reporter gene to be
between 1.4 x 10'10 to 2 x 10'7 mutation / nucleotide / cell (Loeb, 1991; Simpson, 1997; Tates et al.,
1991). Chemical-induced mutation frequencies were found 4 to 10 times higher than the background
frequency in experimental animal studies (Shane et al., 1997; Smith et al., 199S). However, studies in
non-neoplastic tissues from humans exposed to LTV light (Jonason et al., 1996) and aflatoxin B1
(Aguilar et al., 1994) as well as animal studies on the frequency o f initiated cell determination (Zhang
et al., 1991) revealed higher frequencies o f chemically induced initiated cells for given sites in genes
involved in the carcinogenic process, such as pS3 and ras genes (10*2 to 10-6 and 10'7 to 1.84 x IO'5 for
human p53 and 2.32 x 10 s for rat H-ras). Such differences are important to consider since the
biological significance o f a fixed mutation depends on the gene: oncogene, gatekeeper, caretaker or
landscaper (Kinzler and Volgelstein, 1998), the codon within the gene and the site at which the
mutation occurs. Mutations in genes involved in cell cycle control, DNA repair and apoptosis give
growth and division advantages to the cell and, when escaping immunosurveillance, may result in the
emergence o f neoplasia. Based on the preferential mutation fixation o f an adduct and the variable
biological significance o f a fixed mutation at a given site, combined with the fact that different
chemicals induce different types o f mutations (G -> A transitions by nitrosamines and vinyl chloride
versus G -> T transversions by benzo[a]pyrene and aflatoxin B l) (Hemandez-Boussard and Hainaut,

2
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1998), it is not surprising that particular mutation spectra have been observed in neoplasias induced
by chemical exposure. Identification o f mutation spectra in tissue, neoplastic or not, o f living
organisms exposed to complex mixtures may help in the identification o f the etiologic environmental
agent (DeMarini, 1994).
Humans are more and more aware of the potential for detrimental health effects from
environmental pollutants. Epidemiologic studies have shown that human populations occupationally
exposed to PAHs in gas (Manz, 1976) or dye or rubber (Coggon, 1999), foundry (Koslccla ct al.,
1976) or railway (Miller, 1985), steel (Mazumdar et al., 1975) and other industries (Coggon, 1999)
had higher rates o f urinary tract, lung, lymphatic and skin neoplasias, respectively. Studies conducted
in the general population are not so conclusive, possibly due to combination o f lower exposure level
and confounding factors (Hemminki and Pershagen, 1994).
Attempts to monitor these effects are not limited to the human population but also involve
wild animal species as bioindicators. Numerous reports have described the use o f aquatic species from
fish (Brown et al., 1973; Liu et al., 1991; Rodriguez-Ariza et al., 1994) to marine mammals (Fossi et
al., 1997; Mathieu et al., 1997) in the biomonitoring o f environmental PAHs through a variety of
biomarkers. For instance, bottom-feeding fish from rivers whose sediments are contaminated with
PAHs have been reported bearing a high frequency o f tumors (Brown et al., 1973). Data regarding
PAH-contaminated sites utilizing terrestrial species as bioindicators are not as abundant and refer to
small rodents mainly, among them shrews (Blarina Brevicauda), yellow-necked mice (Apodemus
flavicollis), white-footed mice (Peromyscus leucopus), muskrats (Ondotra zibethica), conon rats
(Sigmodon hispidus) and woodchucks (Marmota monax) (Bathia et al., 1994; Blondin and Viau,
1992; Degrassi et al., 1999; Elangbam et al., 1989; McBee and Bickham, 1988). Criteria for selection
o f a bioindicator species (distribution, migration, longevity, position in food chain, route o f exposure,
sensitivity, physiological characteristics, size) have previously been reviewed (O'Brien et al.. 1993).
An ideal indicator would fulfill all these criteria but no one species does so. Cotton rats satisfy many
o f O ’Brien’s criteria. The most abundant rodent in southeastern and southcentral United State o f
America, the Cotton rat is sedentary, does not live more than 6 months to 1 year and is omnivorous
(Nowak, 1991).

3
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A variety o f biomarkers have been used in investigating environmental pollutants in model
species. Some biomarkers are better indicators o f exposure (residues analysis in tissues, P4S0
induction, protein and DNA adducts), whereas others better reflect biological effect (cytogenetic
endpoints, tumors). Biomarkers of exposure are better reflectors o f the exposure level to a given
chemical. However, they have no significance as biological effects. On the other hand, biomarkers of
effects have more biological significance in health risk assessment but they do not identify the type of
chemicals involved (Wcxlcr, 1998). Mutations in genes involved in the carcinogenesis process, such
as ras and pS3 genes, have been proposed as earlier biomarkers o f carcinogenicity (LeBlanc and Bain,
1997). p53, a tumor suppressor gene for which all but one codon (codon 123) within the core domain
have been found mutated (Hainaut and Hollstein, 2000) and ras, a protooncogene frequently mutated
in various species (Sills et al., 1999), play important roles in carcinogenesis. Point mutation detection
in such genes would not only act as an early marker o f genotoxicity but also would act as an indicator
of the exposure involved based on the identification of the mutation type, getting closer to the non
existent ideal biomarker.
The present research focused on the development o f a biomarker at the crossroad o f exposure
identification and effect evaluation such as point mutation detection in genes involved in
carcinogenesis in a candidate bioindicator. The p53 and K-ras genes were selected because both have
been found mutated in chemical-induced rat tumors in liver and other tissues (Barbin et al., 1997; Ho
et al., 199S; Soman and Wogan, 1993; Tsujiuchi et al., 1997; Vancutsem et al., 1994; Watatani et al.,
1989). Cotton rats were selected because o f the known biological characteristics o f this species fitting
many criteria o f selection for a bioindicator species. Benz[a]anthracene and 2-aminoanthracene were
selected as examples o f PAHs and primary aromatic amines, ubiquitous environmental pollutants to
which humans, as well as animals, are exposed through inhalation, ingestion and contact.
Benz[a]anthracene is an unsubstituted PAH frequently occurring in the environment (ATSDR, 1993;
Baum, 1978; Black et al., 1981; Grimmer and Pott, 1983). 2-aminoanthracene is present in petroleum
substitute (Guerin et al., 1980) and belongs to the aromatic amine family, whose compounds
commonly occur in petrochemical wastes, dyes, pesticides and cigarette smoke (Garganta et al., 1999;

4
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Mitchell et al., 1984). Both compounds are carcinogenic in rodent models (Griswold et al., 1968;
Griswold et al., 1966; Grover etal., 1975; Harvey, 1991a; Shubiketal., 1960; Slagaetal., 1974).
The research hypothesis underlying this work is that point mutations in Cotton rats exposed
to representative compounds o f the PAHs family (benz[a]anthracene or 2-aminoanthracene) can be
detected early after chemical exposure before neoplastic development. To test this hypothesis, two
main objectives needed to be addressed.
One objective was to evaluate the sensitivity o f Cotton rats to the toxic effect of
benz[a]anthracene and 2-aminoanthracene, which Cotton rats are expected to metabolize into reactive
metabolites (Qualls et al., 1998) following administration by per os and intraperitoneal routes (chapter
3).
A second objective was to adapt a mutation detection technique with high sensitivity
(Polymerase Chain Reaction / Restriction Endonuclease / Ligase Chain Reaction) to the selection of
rare mutants at defined sites o f p53 gene (codon 173 base site 2 and codon 179 base site 2 o f exon 5)
and K-ras gene (codon 12 base site 2) in non-neoplastic tissues from Cotton rats. This requires the
sequencing o f K-ras exon I unknown in the Cotton rat (chapter 4).
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CHAPTER 2:
LITERATURE REVIEW
Humans are exposed daily to serious health hazards. Both endogenous and exogenous
exposures will induce cellular and molecular damage, which may have short term or long term effects.
If endogenous exposures are inevitable and will induce a background o f effects, additional exposure
to exogenous agents are not acceptable. It is surely utopian to consider a world free o f detrimental
chemicals derived from our numerous anthropogenic activities, but tools to monitor their effects,
obvious or premise, on the human population and our environment should be developed.
Epidemiologic studies may show a higher rate o f cancer in the human population living in a defined
area or working in certain industries. However, early biomarkers o f toxic and carcinogenic exposures,
directly or through sentinel animals, would be valuable.
This chapter presents a review o f previous known human exposures to environmental
pollutants with an emphasis on polycyclic aromatic hydrocarbons (PAHs) or poiyarenes, a synopsis
on the process o f carcinogenesis, stressing ras and p53 genes, and a highlight o f the monitoring tools
available.

H u m a n E x p o s u r e t o E n v ir o n m e n t a l P o l l u t a n t s
Humans are exposed to a multitude o f chemicals. More than 100,000 compounds
representing about 300 billions tons are released into the environment every year (Pitot and Dragan,
1996). We basically live in a sea o f carcinogens (Cotran et al., 1999). Among them, more than 200
compounds constitute the PAHs family.

P o l y c y c l ic A r o m a t ic H y d r o c a r b o n s
PAHs Structure
Structurally, PAHs are characterized by 2 or more fused benzene rings in linear, angular or
cluster arrangements. They have a wide range o f molecular weight and differ in stability. The least
stable configuration is the linear arrangement whereas angular arrangement presents the highest
stability (Blumer, 1976).
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Formation o f PAHs
These compounds arc formed during the incomplete combustion o f coal, wood, oil, gas or
organic matter. Formation of free radicals during the combustion process allows for the synthesis of
PAHs. The temperature at which pyrolysis occurs is important in the formation o f alkylated PAHs and
the number o f alkyl carbons correlates closely with the temperature at which the compounds were
formed. At high temperatures, unsubstituted PAHs are formed whereas at lower temperatures, or in
diagcncsis, alkylated PAHs are synthetized. Consequently, coking o f coal yields unsubstituted
hydrocarbons, smouldering wood forms some alkylated hydrocarbons, whereas in the burning of
crude oil alkylated hydrocarbons represent the major fraction o f PAHs (Blumer, 1976; Harvey,
1991a). Thus, PAH profiles from different organic substrates may be similar when combustion occurs
at a defined temperature. The majority o f PAHs released in the environment are unsubstituted and
result from the association o f the C2 fractions formed at high temperature (Grimmer, 1983),
polymerisation o f the acetylenic fraction and free radicals (Harvey, 1997).
Sources Releasing PAHs into the Environment
PAHs are ubiquitous in our environment. Natural sources o f PAHs are volcanoes and forest
fires. However, major sources o f PAHs derive from anthropogenic activities: industries, such as
petrochemical plants, creosote industries, graphite electrode plants, aluminium or steel plants, coke
oven plants, landfill wastes, and from general population activities, such as gas automobile exhausts,
cigarette smoking, cooking and heating. O f the 1,410 hazardous waste sites that are listed or are
proposed for listing on the National Priority List, 3S2 were contaminated with PAHs that were
detected in various media: sediment, groundwater and soil (Warshawsky, 1999).
Environmental Fate
Whatever the source o f PAHs, these chemicals are released into the atmosphere and/or
directly into water systems (river or sewage, for instance). PAHs are found in the gaseous phase but
mainly adsorbed on airborne particles. Particles present in the air can subsequently be deposited on
the soil o r water surfaces by dry or wet deposition. Runoff can further displace PAHs found in soil
into water. In water, the low hydrosolubility o f PAHs results in their adsorption to particles that are
suspended in the water column or have settled to the bottom. Deposition o f PAHs on plant leaves
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from polluted air and subsequent uptake by waxes, or absorption from contaminated soil to a lesser
extent can explain the presence of PAHs in plants (ATSDR, 1993; Harvey, 1991a). Biosynthesis of
PAHs by plants themselves has been a subject o f controversy, but experiments confirmed the
exogenous origin of the detected PAHs in higher plants (Dunn, 1982).
Degradation o f PAHs occurs by photooxidation with other air pollutants, such as sulfur
dioxide, nitrogen oxides, ozone and by photolysis. Biodegradation o f PAHs also takes place under
aerobic conditions by microorganisms present in water, soil and sediments (ATSDR, 1993).
Experimental Proof o f PAHs Carcinogenicity
Numerous experimental data prove the mutagenic and carcinogenic potential o f various
PAHs, as reviewed by the Agency for Toxic Substance and Disease Registry (1993) and Warshawsky
(1999). For instance, upper respiratory tract tumors were induced after inhalation o f benzo[a]pyrene in
hamsters. Oral administration o f benzo[a]pyrene to mice resulted in hepatomas, pulmonary adenomas,
forestomach papillomas and carcinomas and leukemia in mice. Forestomach, esophageal and
laryngeal tumors in rats and alimentary tract papillomas and carcinomas in Hamster also have been
recorded. When applied cutaneousiy, benzo[a]pyrene caused skin papillomas and carcinomas. Other
unsubstituted PAHs were also shown to be more or less potent carcinogens: dibenzo[a,h]anthracene,
benz[a]anthracene,

benzofjjfluoranthene,

benzo[j]fluoranthene

(ATSDR,

1993).

Coal

tars

administered per os to mice induced tumors in the forestomach, small intestine, liver and lung. Tars
also resulted in cutaneous sarcomas, histiocytomas and hemangiosarcomas (Warshawsky, 1999).
Cutaneous application o f coal tar paint to SENCAR mice, a strain selected for its sensitivity to PAHs,
resulted in skin carcinomas (Robinson et al., 1984).
Human beings are exposed to chemicals in the workplace and in their every day life. History
provides plenty o f painful examples. Products and byproducts derived from industrial activity
(polychlorobiphenyls, PAHs, metals, radioactive compounds, etc.) and from agriculture activity
(exrpesticides, fertilizers etc.) have exposed workers and the general population through accidental or
continuous release and persistence in the environment.
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E x p o s u r e in O c c u p a t io n a l S e t t in g s
The relationship o f toxic exposures and human disease has long been known. Hippocrates
(460 B.C.), the “father” o f medicine, pointed out the relationship o f disease to environmental factors
and occupational activity. In 1700, Ramazzani, considered as the father o f occupational medicine,
published a book De Morbis Artificum

(diseases o f workers). The 20* century brought intense

industrialization. Skin and bladder cancers were observed among workers from the dye industry due
to the use o f aromatic amines, such as aniline, 2-naphtylamine and benzidine (Pitot and Dragan,
1996).
Workers exposed to incomplete combustion products such as PAHs often displayed
significant cancer load and health effects. As early as the 16* century, smoke and soot were pointed
out as toxic by Paracelsus. But the first report of occupational exposure to PAHs was made by Sir
Percival Pott in 1775. He connected exposure to soot among chimney sweeps with a high frequency
o f scrotal cancer (Pitot and Dragan, 1996). Creosote workers and workers from the coke oven
industry, steel plants, aluminium plants, asphalt roof surfacing industries and graphite electrode plants
are all exposed to PAHs through cutaneous but also through pulmonary routes. High levels o f PAHs
are found in these work environments. Epidemiologic studies have related PAHs and fossil energy
sources to cancer in coke oven workers, gas works operators and workers in an experimental coal
liquefaction plant as summarized by Guerin (Guerin, 1978). Exposure to tar has been pointed out as
the cause o f urinary tract carcinomas among workers in the gas industry (Manz, 1976). Foundry
workers, particularly moulders employed for more than 5 years, presented an increase risk o f lung
cancer (Koskela et al., 1976). Steelworkers were found at higher risk for lymphatic and hematopoietic
cancer depending on the sector they were working in (heat treating, forging, tin finishing) (Mazumdar
et al., 1975). An increased risk o f lung cancer was found among railway workers and was possibly
attributed to diesel fumes and/or coal dust (Miller, 1985). Skin cancers have been linked potentially to
exposure to PAHs in the United Kingdom (Coggon, 1999). A more recent review o f epidemiologic
studies concluded that the current threshold limit o f benzene soluble matter used as an indicator o f
PAHs exposure is still too high since it represents a relative risk o f 1.2-1.4 and 2.2 to develop lung
and bladder cancer, respectively (Mastrangeio et al., 1996). These selected epidemiologic studies

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

included appropriate reference groups and exposed groups contrary to numerous studies whose
designs involve control groups in contact with carcinogenic agents other than the one o f interest and
treatment groups not separated by level o f exposure.
Besides potential effects o f PAHs exposure on workers themselves, effects on their progeny
have also been detected. An European epidemiologic study found an increased risk o f primitive
neuroectodermal tumors in children, whose fathers were exposed to PAHs during a 5-year period
before birth o f their child (Cordier et al., 1997).
Some insidious immunological effects have also been noted in coke-oven workers exposed to
PAHs-containing dusts. These workers had decreased T cell mitogenic response, impaired B cell
activity and a reduced macrophagic oxidative burst (Winker et al., 1996).

E x p o s u r e in t h e G e n e r a l P o p u l a t io n
History has made it obvious that humans tend to underestimate the detrimental effects of
their activities, industrial, agricultural or residential, on the general population. In 1952, over 4,000
people died in London as a consequence o f air pollution (Christiani, 1993). In Canada, prostate
cancer has been related to a high concentration o f cadmium in the environment (Christiani, 1993).
Cadmium concentration was found to be higher in prostatic carcinoma than in the normal prostate
(Feustel et al., 1982).
Exposure to UV light is linked to skin cancer. A high incidence o f melanocarcinoma, basal
and squamous cell carcinomas are observed in individuals heavily exposed to sunlight. Increased risk
o f skin cancer is expected in relation to the depletion o f the ozone layer that is suspected to have by
man’s use o f chlorofluorocarbons, whose effect was not expected to occur as dramatically or as early
(Leaf, 1993).
Exposure o f the general population to carcinogenic PAHs (ATSDR, 1993) has been
estimated to be around 1.8 to 16 pg per day. Other studies reported that American adult males are
exposed to 1-15 pg per day o f carcinogenic PAHs. This amount may double in smokers. Coal burning
townships in South Africa presented a concentration o f particulate matter above I m g / m } (U.S.
National A ir Quality Standard for total particulate matter is 260 pg / m3) (Christiani, 1993). Between
128 and 482 mg o f PAHs / Kg o f dry matter have been found in sewage sludge (Moreda et al., 1998).
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It has been estimated that road traffic in Japan contributes to the release of 5.77 ng o f PAHs per
vehicle per meter, 0.07 ng being benzo[a]pyrene and 0.83 ng being dibenzanthracene (Ishimaru et al.,
1990). In the late 1950s, an average o f 14.3 and 2.6 ng o f PAHs / m3 were calculated in the USA cities
in winter and summer, respectively (Harvey, 1991a). In European cities, values recorded in the 1950s
and 1960s for benzo[a]pyrene ranged from 1.5 to 610 ng / m3 depending on season and location
(Grimmer and Pott, 1983). In the 1970s, a decrease in benzo[a]pyrene concentration in the atmosphere
(below 10 ng / m’) was observed in London as well as in three German towns in relation to changes in
heating techniques (decreased use o f coal) (Grimmer and Pott, 1983). Most airborne PAHs are
particulate associated, mainly to particles smaller than 5 pm (Harvey, 1991a). Another study found
the highest level o f pollution (40 ng o f benzo[a]pyrene / m3) surrounding a coke plant (Grimmer and
Misfeld, 1983). Accumulation o f PAHs in snowpack was highest downwind of a steel plant (Boom
and Marsalek, 1988). Benzo[a]pyrene has been detected in tap water (2.5 to 9 ng /1) and in fruits and
vegetables (30 to 60 pg in apples grown in industrial areas) (Grimmer and Pott, 1983). It has been
estimated that 1300 tons o f benzo[a]pyrene were released annually into the atmosphere in the USA,
about 480 tons generated by heat and power production, 572 tons from open refuse burning, 235 tons
from coke production and around 13 tons being attributable to passenger cars (Dipple, 1983; Grimmer
and Pott, 1983; Harvey, 1991a). These data support the potential health hazard related to
environmental non-occupational exposure to PAHs.
However, aside from the case o f cigarette smoking, few studies are available regarding
demonstrating effects o f PAHs on the general population compared to the pool o f information about
occupational exposure. In an Italian study using autopsy samples from the lungs, the biological load
o f PAHs secondary to environmental exposure was found to be similar in the lungs o f smokers and
non-smokers. Benzo[a]pyrene and dibenz[a,h]anthracene, on the other hand, were more elevated in
smoker’s lung than non-smoker’s lung (Lodovici et al., 1998). Concentrations o f pyrene,
fluoroanthene and benzo[ghi]pyrene, PAHs in high concentration in air pollutants, were elevated in
lung tissue samples with or without carcinoma. The authors report values o f 2.5 - 19 ng / g o f dry
matter o f lung tissue and a lower survival time among carcinoma patients with high pulmonary
concentration o f l-nitropyrene, 1,3-dinitropyrene and 3-nitrofluoranthene (Tokiwa et al., 1998).
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A major issue in epidemiologic studies conducted in the general population is the existence
o f numerous confounding factors that preclude the ability to pinpoint a particular causative agent as
“easily” as an occupational setting. Moreover, exposure to this potential etiologic agent occurs usually
at lower levels than in the workplace. Increased cancer risk for stomach, lung, liver and colorectal
cancers was determined in a large British study involving over 14 million people living in the vicinity
o f 72 municipal solid waste incinerators. However, it is possible that such an increase in risk may be
related to socioeconomic confounding factors (Elliot et al., 1996). In the Balkans, the presence o f
endemic nephropathy, frequently associated with upper urinary tract tumors, is so far idiopathic. The
most favored etiology is contamination o f well water supply by PAHs and aromatic amines leaching
into ground and well water by weathering o f nearby Pliocene lignites. However, ochratoxin A
intoxication is a second competing theory, though possibly a confounding factor (Tatu et al., 1998).
A stronger link between PAHs exposure and high incidence o f cancer among the general population is
derived from Xuan Wei county o f China. In this area, the mortality rate o f lung cancer in women is 5fold higher than the national average in China and has been attributed to high concentration o f PAHs
in indoor air due to unvented coal and wood smoke (Mumford et al., 1993). Alkylated PAHs were
suspected to be the main etiologic factor for lung cancer induction in unvented smoky coal-using
homes (Mumford et al., 199S).
PAH exposure has also been related to detrimental developmental effects in human neonates.
Primarily decreases in head circumference and to a lesser extent weight and length at birth correlated
with PAH-DNA adduct levels in white blood cells o f mothers and their newborns. This level o f
adducts increased with environmental burden o f PAHs. Such results may have a significant health
implication since reduction in head circumference has been linked to lower IQ and poorer cognitive
ability in childhood (Perera et al., 1999).

2 -A m in o a n th r a c e n e a n d B e n z o [a ] a n th r a c e n e ,
M o d e l s o f PAHs a n d S u b s t i t u t e d PAH s
2 A m in o a n t h r a c e n e
2-Aminoanthracene is also found under the names 2-anthramine and 2-anthracenamine.
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2-Aminoanthracene is a yellowish to greenish powder. The three fused benzo rings are
substituted at position 2 with an amino group. The molecular weight o f this compound is 193.26
g/mol. This compound is not water soluble and has a very low volatility.
It belongs to the polyaromatic primary amine group. Polyaromatic primary amines are found
in coal and shale-derivated petroleum (Hannan et al., 1981), coal liquid (Pelroy and Wilson, 1981),
waste streams from petroleum facilities, petroleum substitute from coal and crude oil and in cigarette
smoke (Mitchell et al., 1984), dyes and pesticides (Garganta et al., 1999). Three ring polyaromatic
primary amines were particularly detected in coal liquid (Pelroy and Wilson, 1981). Amino-PAHs are
considered the principal mutagenic agents in coal-derived products (Later et al., 1983). 2Aminoanthracene was specifically detected in petroleum substitute (Guerin et al., 1980).
Pharmacokinetics of 2-aminoanthracene has been studied after inhalation exposure in F344
rats (Mitchell et al., 1984). 2-Aminoanthracene was rapidly absorbed 20 min after a 30 min exposure
and was distributed to various tissues. Absorption o f 2-aminoanthracene by the gastro-intestinal tract
was also very efficient with 83% o f 2-aminoanthracene orally administered being absorbed. Upper
respiratory tract, liver and kidney presented the highest concentration o f 2-aminoanthracene-related
compounds after inhalation exposure. Clearance also occurred rapidly with 90% o f 2aminoanthracene detected in liver and kidney disappearing within 1 day. Elimination o f 2aminoanthracene occurs predominantly in the feces (80%), 20% being eliminated in the urine. The
pharmacokinetics o f another representative o f the aromatic amine family has been investigated after
intravesical instillation o f N-hydroxy-2-naphtyIamine to rats. This derivative was readily absorbed by
the rat urothelium and distributed to various tissues (liver, kidney, lung, spleen, brain) (Oglesby et al.,
1981).
Numerous tissues and cells from various species are able to metabolize 2-aminoanthracene to
reactive metabolites. Human red blood cells (Duverger-van Bogaert et al., 1991), rabbit pulmonary
alveolar macrophages (Romert and Jenssen, 1983), mouse, rat and human breast subcellular fraction
(Silva et al., 198S), rat nasal tissue (Bond and Albert, 1983), liver, epidermis and to a lesser extent
dermis and whole skin (Bickers et al., 1985), channel catfish hepatic tissue (Watson et al., 1995) and
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human and rat coionic microsomal traction in particular when combined with extract o f Bacteroides
fragilis (Tasich and Piper, 1983) are a few examples.
Nonetheless, there is little published information regarding the metabolism o f 2aminoanthtracene. However, the overall metabolism o f polyaromatic primary amines is welldescribed using 2-naphtylamine and 2-aminofluorene as models. Polyaromatic primary amines
undergo phase I and II metabolism (cf Figure 2.1).
Phase I results in the N-hydroxylation or ring hydroxylation of the compound. Ring
hydroxylation is considered a deactivation pathway, whereas N-hydroxylation is a preliminary step
toward formation o f reactive metabolite. This reaction involves P450-dependent monooxygenase,
flavin-containing monooxygenase (often abbreviated as FMO, also called FAD-monooxygenase
system and formerly named mixed-function amine oxidase or N-oxidase). Co-oxidation during
prostaglandin synthesis by prostaglandin H synthase (more precisely, the hydroperoxidase activity o f
this enzyme) is also involved in an activation pathway. It results in N- or ring oxidation, and/or more
complex multi-ring structure involving N-N or N-C covalent binding in the case o f co-oxidation
(Beland and Kadlubar, 1985; Parkinson, 1996; Phillipson and loannides, 1983; Ziegler, 1988).
There is some discrepancy in the literature regarding the enzymes involved in phase I
metabolism o f 2-aminoanthracene. Various isoforms o f P4S0 are involved in the hydroxylation o f
polyaromatic primary amines (Lubet et al., 1989). For instance, 6-aminochrysene is activated by P4S0
IIB1 (Lubet et al., 1989), 2-acetylaminofluorene by P4S0 1A (formerly called P448) and 2naphtylamine by P4S0 1A2 (Butler et al., 1989; Parkinson, 1996). Lubet et al. (1989) found that 2aminoanthracene was primarily activated by P4S0 1A. Their experiment showed that Aroclor 1254induced S9 was more efficient than control S9 in 2-aminoanthracene activation. This activation was
inhibited by the use o f antibodies directed toward P450 1A. A study conducted by Carriere et al.
(1992) supports this observation. They concluded that 2-aminoanthracene was activated by inducedP4S0 IA subfamily in the liver, P450 1A1 in the intestine and that other P450 isoforms, such as 2B1,
2E1 and 3A, could interfere in 2-aminoanthracene metabolism. However, not all reported experiments
are in agreement. 2-Aminoanthracene mutagenicity was decreased using S9 fraction from Aroclor
1254-treated rats suggesting that 2-aminoanthracene is more readily metabolized by enzymes other
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than the P4S0 1A subfamily [Ayrton, 1992 #107]. In a similar manner, the mutagenicity of 2aminoanthracene activated by S9 fraction from mussels was not altered by P4S0 1A inducers or
inhibitors (Michel et al., 1993). This discrepancy regarding P4S0 1A involvement in 2aminoanthracene metabolism as determined by the Ames test has been suggested to be due to
differences in the ratio o f substrate to S9 fraction (Norman et al., 1982). Nonetheless, this explanation
is insufficient since there appears to be no such variation in 2-aminoanthracene and S9 fraction levels
(Ayrton et al., 1992; Caniere et al., 1992; Lubet et al., 1989; Michel et al., 1993). Involvement o f co
oxidation in the metabolism o f polyaromatic primary amines may not be the rule. 2-Aminoanthracene
was not determined to be mutagenic in the presence o f prostaglandin H synthase (ram seminal vesicle
microsomal fraction) and arachidonic acid although 2-aminofluorene and 2-naphtylamine gave
mutagenic products in the same system (Robertson et al., 1983).
Phase II enzymes further metabolize this N-hydroxylated proximate metabolite through
glucuronidation, sulfation, N-acetylation, N-deacetylation and N,0-acyl transfer (Phillipson and
loannides, 1983). A paucity o f information is available on the metabolism o f 2-aminoanthracene
involving phase 2 enzymes. Nevertheless, a wealth o f information exists based on other models o f
polycyclic primary amines such as 2-aminofluorene, 2-acetylaminofluorene, 2-naphtylamine and 4aminobiphenyl. Sulfation by sulfotransferase in the presence o f PAPS (3’ phosphoadenosine S’
phosphosulfate) cofactors yields an ultimate carcinogen o f 2-aminoacetylfluorene that was the first to
be discovered (Miller, 1994). Sulfation plays an important role in the activation o f aromatic amines
(Parkinson, 1996). Male rats are better sulfators than female rats. Moreover, rats have the highest
capacity for sulfation among various laboratory animals. This activity was correlated to the
carcinogenic potency o f 2-hydroxy-acetylaminofluorene (DeBaun et al., 1970; Kato and Yamazoe,
1994). However, the role o f O-sulfation in the carcinogenic process o f aromatic amines is still unclear
(Miller, 1994). Glucuronidation is a pathway that leads to aromatic amine-induced bladder and colon
cancer

as

described

below.

The

N-hydroxy-amine

is

N-glucuronidated

by

UDP-

glucuronosyltransferase in the liver. PAHs are known to induce this enzyme. In rats, the glucuronides
are preferentially excreted in the urine if the molecular weight o f the aglycone moeity is less than 2S0
as it is tor 2-aminoanthracene, whereas glucuronides whose aglycone fraction is more than 3S0 are
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mainly excreted in the bile (Parkinson, 1996). N-glucuronide conjugates o f N-hydroxy-2naphtylamine that are excreted in the urine can undergo hydrolysis under acidic conditions and release
the N-hydroxy derivative, which is readily reabsorbed by the urothelium and/or can react with
macromolecules o f bladder epithelium. This hydrolysis is not observed under neutral conditions (cf
Figure 2.2) (Kadlubar et al., 1977; Oglesby et al., 1981). Acetylation is the major pathway involved in
the biotransformation o f polycyciic primary amines. This pathway is a double-edged sword since
activation and deactivation of aromatic amines can result from acetyltransferase activity. Nacetyltransferase can acetylate aromatic amines directly in presence o f acetylcoenzyme A as cofactor.
The resulting aromatic amide is less likely to be activated to a reactive metabolite by P4S0 1A,
prostaglandin H synthase or UDP-glucuronosyltransferase than the aromatic amine. Thus, this is
considered a deactivating pathway. On the other hand, N-acetyltransfcrase, which is able to perform
both O- and N- acetylation, can esterify N-hydroxy-amine at the O position in presence o f
acetylcoenzyme A and yield an N-acetoxy metabolite (Kadlubar, 1994; Parkinson, 1996). This 0 acetylation is an activation pathway. Differences in N-acetyltransferase cap ab ility have been
observed in various species including humans, hamster, mice, rabbit (Kato and Yamazoe, 1994) and
different strains o f rats (Hein et al., 1991). Deacetylation by microsomal arylacetamide deacetylase
may also take place at different levels o f aromatic amine metabolism. However, its importance in the
activation / deactivation pathways is not clear (Lower and Bryan, 1976; Probst et al., 1994;
Swaminathan and Hatcher, 1992). All o f these conjugation pathways, which utilize the N-hydroxy
amines, result in the formation o f a nitrenium ion that is a strong electrophile and is able to covalently
bind to nucleophilic DNA and macromolecules.
No data are available regarding specific adducts induced by the nitrenium ion metabolite
derived from 2-aminoanthracene. However, it can be deduced from a general pattern o f adduction by
aromatic amine-derived reactive metabolites that the major sites for covalent binding are C-8 and N2
o f guanine and to a lesser extent 0 Ao f guanine, N6 and C-8 o f adenine (Beland and Kadlubar, 198S).
For instance, 2-naphtylamine forms C-8, N2 and N6 adducts representing SO, 30 and IS% o f the total
binding, respectively (Kadlubar et al., 1980). It is unclear which lesion is the critical event Kadlubar
et al. (1980) suspected the N2 adduct to play a major role, whereas Beland et al. (1985) highlighted

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

C-8-dG adduct as the critical event. Guengerich (1994) confinned that C-8-dG is the most frequent
adduct formed from arylamines. Acetylaminofluorene is also able to yield adducts at the C-8 and N2
position o f guanine (Beland and Kadlubar, 198S). Formation o f C-8-dG adduct may be indirect,
through the N-7 position. There is chemical evidence that the initial electrophilic substitution by the
nitrogen o f the N-hydroxyamine occurs at N-7 o f guanine and follows a SN2 reaction (Guengerich,
1994; Humphreys et al., 1992). C-8-dG-N-OH-2-NA adduct may undergo ring opening, which creates
local distortion o f the helical DNA structure and may initiate replication favoring mutation fixation
(Kadlubar et al., 1980). DNA sequence appears to influence adduct formation resulting in mutational
hotspots (Beland and Kadlubar, 1985). Repetitive sequences o f rat DNA obtained by HincUII
digestion showed preferential adduction by N-hydroxy-2-acetylaminofluorene in vivo and may
depend on chromatin structure (Gupta, 1984). Another example o f this sequence effect is the
preferential -2 deletion at the Narl sequence (5’-GGCGCC-3') induced by N2-acetylaminofluroene
adducts and that is strongly modulated by the nucleotide surrounding the 3’ side o f the recognition
sequence tBroschard et al., 1999). The same investigators had found earlier that an acetylated
arylamine adduct induced base substitution and frameshifr mutations in GC-rich sequence o f E. Coli
lac I gene (Schaaper et al., 1990). 2-Aminoanthracene also induces frameshifr mutations in a sequence
dependent manner in the APRT gene (Zhu et al., 1995). It also induces base pair substitutions in a
dose-dependent manner, G -> T transversions and to a lesser extent G -> A transitions and A -> T
transversions, in a lacZ reversion assay using £. coli (Garganta et al., 1999). In general, carcinogeninduced conformational changes o f DNA and mutation specificity are correlated since highly
deforming adducts such as acetylated aminofluorene induced mainly frameshifr mutations, whereas
non-deforming adducts such as hydroxyaminofluorene result mainly in base substitution mutations,
both G -> T transversion and G-> A transition (Schaaper et al., 1990).
Aromatic amines such as 2-naphtlylamine and benzidine are known to induce bladder cancer
in humans, particularly in the poor acetylator phenotype. It has been reproduced in animal models,
such as dogs and rodents. Guinea pigs are resistant to aromatic amine-induced liver carcinogenesis,
since guinea pig liver has a high level o f detoxifying enzymes. The amino group undergoes Nhydroxylation followed by glucuronidation and is transported in the bladder. N-hydroxylated aromatic
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amine is released under the acidic conditions o f urine and can directly react with DNA (Gamer et al.,
1984) or acts as a proximate carcinogen that can be activated by the isoform o f N-acetyltransferase
(NAT-1) present in the urothelium (Kadlubar, 1994). It is also possible for co-oxidation to take place
and that prostaglandin H synthase from the transitional epithelium o f the bladder participates in the
activation o f some aromatic amines as demonstrated in the dog (Wise et al., 1984). 2Aminoanthracene has not been reported to induce bladder tumors. This may be related to its high level
o f excretion in the feces (80%) compared to 2-naphtylamine (29% only), which is highly eliminated
in the urine (Mitchell et al., 1984) and the absence o f 2-aminoanthracene co-oxidation (Robertson et
al., 1983). Nonetheless, 2-aminoanthracene is a potent carcinogen. It induces a variety of skin tumors
in rats (Harvey, 1991a) and hamsters after topical application (Shubik et al., I960). A high incidence
o f mammary tumors in Sprague Dawley rats has been reported after single (Griswold et al., 1966) or
multiple (Griswold et al., 1968) intragastric administrations o f 2-aminoanthracene, and liver tumors
have been observed (Griswold et al., 1966). Some species differences exists since mice are not
reported to develop a high incidence o f skin tumors compared to rats (Harvey, 1991a).

B e n z [a ] a n t h r a c e n e
Benz[a]anthracene has numerous synonymous: Benzo[a]anthracene, 1,2-Benzanthracene,
2,3-benzophenanthrene, Benzo[a or b]phenanthrene, tetraphene, benzanthrene, naphthanthracene
(Budavari, 1996). Benz[a]anthracene is the 1UPAC preferred name (Loening and Merritt, 1983).
Benz[a]anthracene, a yellow fluorescent powder, is considered a high molecular weight PAH
(MW = 228.29 g/mol) (ATSDR, 1993). Bem’[a]anthracene is not water soluble (s = 9-14 pg /1) and is
poorly volatile (vapor pressure = 2.2 x IO'8 mmHg at 20C) (ATSDR, 1993). Its melting point and
boiling point are 155-167°C and 400-435°C, respectively (Budavari, 1996) (ATSDR, 1993).
Benz[a]anthracene is an unsubstituted PAH formed o f four fused benzene rings. It has three
structurally important regions (cf: Figure 2.3). The K region has the greatest double bond character
and was considered by Pullmans to be the structure responsible for the carcinogenicity o f PAHs.
However, not all PAHs follow this rule. In the L region, electrons are easily localized across parapositions. The bay region is created by the addition o f an angular benzo ring to a linear arrangement
o f benzene rings. It is frequently associated with carcinogenic activity (Dipple et al., 1984).
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Figure 2.3: Structurally important region o f benz[a]anthracene.

Benz[a]anthracene is ubiquitous in the environment. It is one o f the 21 polycyclic aromatic
hydrocarbons most frequently found in the environment (Grimmer, 1983) and one o f the 16 priority
pollutant PAHs (Riggin et al., 1983). Table 2.1 gives a summary o f benz[a]anthracene levels found in
various media. From cigarette smoke to domestic effluent and sewage sludge, from air to sediments,
benz[a]anthracene is present in significant amounts. Some bacteria, such as Mycobacterium sp,
Beijerinckia sp (Schneider et al., 1996) and fungi, such as Cunninghamella elegans (Cemiglia et al.,
198S), are able to degrade benz[a]anthracene into various dihydrodiol and inactive metabolites,
respectively. Benz[a]anthracene was also detected in large amounts in biota from polluted areas.
Amounts were close to 3 pg/ gm o f insects and 40 ng / gm o f crayfish. Although no significant
amount o f benz[a]anthracene was detected in fish, fishermen eating their catch reported a
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Table 2.1: Benz[a]antracene amounts measured in various media.
Sources
Soil!
Rural
Agricultural
Urban
Industrial center
Highway
Contaminated soil
Water
Domestic etTluent
Sewage sludge (from 9
German towns)
Sewage
River (Europe)
River sediments (wet weight)
(polluted site)
(control site)
River sediments (dry weight)
(polluted site)
Air
Outdoors (citv, winter)
Urban area
Cities
Indoors (smoky coal used as
fuel for cookinR)
Tabacco smoke
Food (dried matter)
Biota
Insects (wet weight)
(polluted site)
(control site)
Craylish
(polluted site)
(control site)
Lamprey
(polluted site)
(control site)
Lobster muscle (dry weight)
(polluted site)
(control site)
Mussels (dry weight)
(polluted site)
(control site)
Miscellaneous
Gasolines
Diesel fuel
Used motor oil

Benz|a|anthracene
average (range)

Benzo(a|pyrene

References

5 - 20 mg / Kg
56-110 m g /K g
159 - 59,000 m g /K g
390 mg / Kg
1,500 mg / Kg
2,500 mg / Kg

2-13.000 m g /K g
4 6 -9 0 0 m g /K g
165 - 220 m g /K g

(ATSDR, 1993)

191 - 3 l 9 n g / l
0.92 - 3.2 mg / Kg dried
matter
25 (dry weather) ng /1
10,360 (heavy rain) ng /1

38 - 74 n g / l

(Baum. 1978)
(Grimmer and Pott, 1983)
(Baum, 1978)

4.3-385 ng / 1

1n g / l
1.840 n g / l
0 .6 -3 5 0 n g / l

3,054.5 ng / g
0.31 n g / g

1,194.5 n g / g
0.27 ng / g

414,000 n g / g

109,000 n g / g

0.42 mg / m3
0.1 -21.6 n g / m 3
0.18 -7.6 mg / m 3
32.83 mg / m3

0.23 mg / m3

40 - 70 ng / cigarette
0.02-189 m g / K g

10 - 50 ng / cigarette
0.1 -107 m g / K g

2,893.08 n g / g
6.68 n g / g

725.02 n g / g
1.2
ng/g

40.43 ng / g
1.83 n g / g

8.36 n g / g
0.58 n g / g

19.54 n g / g
nd

1ng/g
0.84 n g / g

13,400 n g / g
trace

637 n g / g
trace

(Zedcck. 1980)

(Baum, 1978)
(Black e ta l., 1981)

(Sirota etal., 1983)

0.46 -12.3 mg / m3

(ATSDR. 1993)
(Grimmer and Pott, 1983)
(Baum, 1978)
(Mumford et al., 1993)
(Harvey, 1991a)

(Black e ta l., 1981)

(Sirota et ol., 1983)

(O rbeaetal.. 1999)
450 n g / g
130 n g / g
0.54-11.5 m g / I
0.13 ppm
71.3 m g / K g (5 -6 60)

0 .0 3 -6 .2 m g / I
0.07 pom
24.5 m g / K g ( < I -405)

(Guerin, 1978)
fATSDR. 1993)

change in the palatability of the fish. This observation uncovered the pollution problem (Black et al.,
1981). Uptake, translocation and metabolism o f benz[a]anthracene in plants have been reported. Most
o f the parent compound accumulated in the root o f bean plants in this experimental design
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highlighting potential human risk by plant consumption when extrapolating to other plants (Edwards,
1988). Dietary uptake o f various PAHs has been estimated in the Great Britain population.
Benz[a]anthracene intake was assessed at 0.22 |ig / person / day versus 0.2S pg / person / day for
benzo[a]pyrene. Cereals, oils and fat represented major contributions (Dennis et al., 1983). Benthic
organisms and, to a lesser extent, fish have been shown to bioconcentrate various unsubstituted PAHs
(Eadie et al., 1983). The half-life o f benz[a]anthracene in trout has been calculated and found to be
less than 2 days (Niimi, 1987).
No human data are available regarding the health effects o f benz[a]anthracene. In a steel
foundry where lung cancer was 2.S times more frequent among workers than in a control population,
benz[a]anthracene was one o f the four PAHs detected. No definitive evidence exists regarding the
causative relationship between this chemical and the high rate o f lung cancer (McCalla et al., 198S).
However, in vitro studies with human cells have been conducted allowing a better understanding of
benz[a]anthracene metabolism and various animal studies confirm benz[a]anthracene carcinogenicity.
The non-polar benz[a]anthracene is metabolized into more reactive electrophilic metabolites by P4S0
enzymes and possibly, to a lesser extent, by peroxidase derived from inflammatory cells or the
prostaglandin pathway (McCord et al., 1996). Benz[a]anthracene also induces enzymatic activities,
which does not seem related to its carcinogenic potential but may be related to its molecular size.
Hepatic cytosolic carboxylesterase is induced by benz[a]anthracene though to a lesser extent than the
mixed function oxidase. The same phenomenon has been described for hepatic microsomal Ndemethylase (Nousiainen et al., 1984). Benz[a]anthracene followed a pathway o f activation similar to
its well-studied benzo[a]pyrene counterpart. Benz[a]anthracene is metabolized by P4S0 1A enzymes
into an epoxide. This potentially reactive epoxide undergoes hydrolysis by epoxide hydrolase. The
resulting dihydrodiol acts as substrate for P4S0 1A or peroxidase such as myeloperoxidase or
prostaglandin H synthase to yield the diol epoxide reactive metabolite, ft can be deactivated by
sulfation or glucuronidation (Pott et al., 1983) (Parkinson, 1996). Bone marrow cells are able to
metabolize

benz[a]antbracene

into

benz[a]anthracene-5,6-dihydrodiol,

various

dihydrodiois:

benz[a]anthracene-3,4-dihydrodiol,

benz[a]anthracene-8,9-dihydrodiol,

benz[a]anthracene-10,l 1-

dihydrodiol (McCord et al., 1996). The ultimate carcinogen from bcnz[a]anthracene follows the “bay
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region theory”: an epoxide on a saturated, angular benzo ring that forms part o f the bay region o f the
hydrocarbon is a favorite candidate (Jerina et al., 1977) because the neighboring dihydrodiol induces a
steric hindrance that prevents the opening o f the epoxide and its detoxificatin by epoxide hydrolase
(Parkinson, 1996). As a matter o f fact, 3,4-dioI-1,2-epoxy-benz[a]anthracene was determined to be the
ultimate carcinogen (Levin et al., 1978) and more mutagenic by one or two orders o f magnitude than
other benz[a]anthracene diol epoxides (8,9-diol 10,11-epoxide and 10,11-diol 8,9-epoxide) in
bacterial (Ames test with TA 100 strain) and mammalian (V79-6 Chinese Hamster lung cells)
mutagenesis assays (Wood et al., 1977). Since benz[a]anthracene-3,4-dihydrodiol is formed in small
amounts compared to the 5,6- and 8,9- dihydrodiols, the relatively low amount o f the ultimate
carcinogen explains the weak carcinogenicity o f benz[a]anthracene (Harvey, 1991b). There are four
optical isomers of the ultimate metabolites o f benz[a]anthracene, two out o f four having significant
carcinogenic activity. The (+)-benz[a]anthracene 3,4-diol-l,2-epoxide-2 isomer has significantly more
carcinogenic activity than the 3 remaining isomers as shown in a murine model where the isomers
were administered either cutaneousiy or intraperitoneally (Levin et al., 1984). The high tumorigenic
potential o f this compound corresponds to its high mutagenic potential in bacterial (Ames test) and
mammalian (Chinese hamster V79 cells) mutation assays. However, carcinogenic potential and
mutagenic potential were not always correlated: (+)-benz[a]anthracene 3,4-diol-l,2-epoxide-1, the
other carcinogenic isomer with 2 to 3 times less tumorigenic activity than (+)-benz[a]anthracene 3,4diol-l,2-epoxide-2, shows the lowest mutagenic response among the 4 optical isomers, whereas (-)benz[a]anthracene 3,4-dio!-l,2-epoxide-l, a non-tumorigenic isomer, was determined to be mutagenic
in Ames test (Levin et al., 1984; Levin et al., 1978). The ultimate carcinogen induces adducts
preferentially at purine nucleotides, guanine being the most prevalent. This covalent binding involves
intercalation within double-stranded DNA (Pott et al., 1983). This phenomenom has been studied with
benzo[a]pyrene. The intercalated benzo[a]pyrene diol epoxide yields a benzylic triol carbonium ion
derived from its acid-catalysed epoxide ring opening. This is rapidly followed by either hydrolysis o f
the carbonium ion with water or covalent binding with a neighboring base (Geacintov et al., 1983).
The ultimate metabolite o f benzo[a]pyrene binds preferentially to N2 o f guanine base at its CIO
position. This adducted base induces local DNA distortion and base pairs with adenine instead o f
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cytosine. The resulting fixed mutation observed is a G -> T transversion. However this adduct pattern
and mutation spectrum cannot be generalized to all unsubstituted PAHs since various PAH diol
epoxides induce both N2 and N-7 guanine adducts and N° adenine adducts in different proportions.
Dimethylbenz[a]anthracene [Dipple, 1983b #329], benzo[c]phenanthrene (Dipple et al., 1987), and
dibenzo[a,l]pyrene (Ralston et al., 1997) also displayed substantial adduct formation at the adenine
base contrary to the known preferential binding o f benzo[a]pyrene diol epoxides to the N2 position of
guanine. Considering the potent carcinogenic properties o f these three PAHs, it is assumed that PAH
diol epoxide adenine adducts play a substantial role in tumor initiation (Dipple et al., 1987), though
Chen L. et al. (1996) recently suggested that depurinating adducts formed by benzo[a]pyrene are
better correlated with tumor initiation. Thirty six percent o f activating mutations induced by
benzo[a]pyrene diol epoxides occur at an adenine base, whereas benzo[a]pyrene adducted adenine
represents less than 6% o f the total binding. This observation supports the assumption for the
important biological activity o f adducted adenine bases (Vousden et al., 1986). Both bay region and
non-bay region epoxides o f benz[a]anthracene (benz[a]anthracence 3,4-diol 1,2-epoxide and
benz[a]anthracence 8,9-diol 10,11-epoxide, respectively) are able to covalently react with DNA,
principally with guanine bases (Cooper et al., 1980). These N2 deoxyguanine PAH adducts result in
G -> T transversions (Beland and Poirier, 1989). However, minor adducts such as N® adenine adducts
may have more biological activity as described earlier. Since the carcinogenic potency o f some PAHs
is associated with their bay region diol epoxide, attempts to identify the structural basis for the
mutagenicity o f the bay region epoxide o f benz[a]anthracene versus the non mutagenicity o f its non
bay region epoxide have been made using an in vitro model o f the N-ror gene bearing either o f these
adducts at the second base o f codon 61 (adenine). It appears that the non-bay region epoxide induces
reduced level o f stacking interaction with subsequent poor base pair geometry and greater motional
disorder compared to bay region epoxides. The bay region ring may maintain the stacking interactions
at the lesion site. Such structural differences may ease the recognition o f the non-bay region epoxide
by DNA repair systems, resulting in its lack o f mutagenicity in vivo. It also explains the poor
replicability o f the bay region epoxide benz[a]anthracene adducts resulting in A->G transitions
(Zhijun et al., 1999). Benz[a]anthracene 3,4-diol-1,2-epoxide adducts and benz[a]anthracene 8,9-diol-
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10,11-epoxide are mainly repaired by nucleotide excision repair, although the latter can also result in
depurinated lesions that can be repaired by base excision repair (Braithwaite et al., 1999). Some
authors have suggested that an isomer of benz[a]anthracene (-)-diol epoxide-2 is able to induce DNA
strand breaks (Bigger et al„ 1994). However, few chromosome abberations have been reported in
bone marrow cells from rats exposed to benz[a]anthracene and its dihydrodiol metabolites (Ito et al.,
1988). Thus, it is unlikely that these lesions are responsible for tumor initiation.
In an intiation-promotion study, skin tumors (papillomas) have been induced in CD-I mice
by a single topical application o f benz[a]anthracene (Slaga et al., 1974). The oral administration
induced hepatic and pulmonary tumors in mice as cited in the review by Zedeck (Zedeck, 1980). It
also induces liver and lung tumors in Swiss mice after subcutaneous administration when they were
three days old (Grover et al., 1975). However, compared to other PAHs, benz[a]anthracene is
considered a weak carcinogen (McCord et al., 1996). Ben[a]anthracene is 50 to 100 times less potent
as a skin tumor initiator than benzo[a]pyrene (Slaga et al., 1978) and its toxicity equivalent factor
compared to the carcinogenicity o f benzo[a]pyrene has been reported to be about 0.1 by other groups
(ATSDR, 1993).

M o n it o r in g o f E n v ir o n m e n t a l P o l l u t a n t s U s in g
A n im a l s
It is clear that the potential for health hazards secondary to the multiple sources o f PAHs
exists but can easily be overlooked or biased due to confounding factors in the general population. It
would be valuable to develop a surrogate to evaluate potential toxic PAH effects. The monitoring o f
animals living in cities or in field areas known to be contaminated is a good alternative.

H is t o r ic a l E x a m p l e s
Animals have long been used as indicators for impending human disasters. Geese from the
capitol in Rome were able to sound the alarm to coming invaders. Animals have also been used as
sentinels to warn humans o f chemical health hazards. Canaries were used in coal mines to warn
miners o f carbon monoxide gas, because canaries were more sensitive than humans to its lethal effect
(van der Schalie et al., 1999). Cats in Japan and more recently in Northwestern Ontario Indian
reserves showed neurologic clinical signs due to Minamata disease secondary to the release o f
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mercury from chemical plants (Takeuchi et al., 1977). The severe clinical signs in felines from Japan
appeared before the emergence o f the disease in humans. Observation o f such signs among cats on the
Northwestern Ontario Indian reservation constituted an alert for this human population.
These few cases highlight the usefulness o f animals in human risk assessment to
environmental hazards. On several occasions, animals living in close contact with man have provided
signs o f diseases due to environmental exposures (Buck, 1979; LeBlanc and Bain, 1997; Moutou and
Joseph-Enriquez, 1991). Recognition o f these can prevent or have prevented humans from further
exposure and hopefully limit long-term health effects. There is no need to wait for obvious
irreversible effects in the human population such as that found at Love Canal, if the monitoring of
animals and the recognition o f potential threats can result in early prophylactic measures.

D e f in it io n s
In the literature, indicators, monitors and sentinels are terms that have been used without
dissociation. However, some slight but significant difference in meanings makes these words noninterchangeable. Some authors attempted to define them with (Stahl, 1997) or without (O'Brien et al.,
1993) giving examples. Generally speaking, if the difference in meaning between monitors and
sentinels is clear, the one between indicators and monitors is not so obvious and explicit. A
compilation o f these definitions with a few illustrations is helpful in understanding these concepts.
Short comments about how easy these terms can overlap or interchange follow.
Surrogates
Surrogates were defined by Stahl (1997) as organisms used or tested in place o f other
organisms for various reasons (van der Schalie et al., 1999). For instance, animals are surrogates for
humans due to ethical reasons and confounding factors linked to various lifestyles.
Indicators
Indicators are defined by O ’Brien et al. (1993) as organisms whose characteristics are used to
pinpoint the presence or absence o f environmental conditions, which cannot be feasibly measured
with other species or the environment as a whole. The definition proposed by Stahl (1997) is simplien
organisms that possibly respond to environmental contaminants in distinctive ways, based on
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scientifically supportable observations. The idea o f an indicator is mainly a qualitative notion without
temporal involvement.
Monitors
Monitors are defined by O ’Brien et al. (1993) as organisms in which changes in known
characteristics can be measured to assess the extent o f environmental contamination so that
conclusions on the health implications for other species or the environment as a whole can be drawn.
Monitor, contrary to indicator, is a quantitative notion with potential chronological surveillance.
However, the authors do not give any examples o f these two separate concepts. They discuss monitors
and indicators in contrast with sentinels and refer to a review article for monitor and indicator
examples, which actually includes examples o f sentinel animals (Buck, 1979). Cerviilae are examples
o f indicators o f heavy metal contamination such as mercury or cadmium (Craste and Burgatsacaze,
1995; Wren, 1986). Numerous small mammals are considered good monitors for radionuclides and
inorganic contaminants such as cadmium, mercury, lead and fluoride (Talmage and Walton, 1991).
Wren (1986) and Craste and Burgatsacaze (199S) refer to indicators while Talmage and Walton
(1991) refers to monitors. Thus, it seems difficult to ascertain the practical difference between
indicators and monitors and the more conservative term indicator will be preferentially used later on.
Sentinels
Sentinels are defined by O ’Brien et al (1993) as organisms in which changes in known
characteristics can be measured to assess the extent o f environmental contamination and its
implications for human health and to provide early warning o f those implications. A more concise
definition derived from Stahl et al (1997) could be “any non-human organism that can react to an
environmental contaminant before the contaminant impacts humans” (van der Schalie et al., 1999).
Most known sentinels derived from serendipitous observations o f animals and either retrospective
analysis as in the case o f cats affected by Minamata disease or prospective suspicion as in the case o f
DDT-related egg thinning or endocrine-disrupting chemicals inducing reproductive abnormalities in
fish, birds, and alligators (van der Schalie et al., 1999). In his review about animals as monitors o f
environmental quality, Buck (1979) described the case o f birds, cats, dogs, rodents and horses that
were accidentally exposed to tctrachlorodibcnzodioxin and became ill or died before symptoms in
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humans were detected. Hundreds o f water buffalo died from leptophos exposure in Egypt while
neurological signs were retrospectively discovered in humans. Though the review referred to
monitors, these two events are good examples o f sentinel animals.
In theory, these definitions attribute different meaning to these terms. In practice, there may
be some overlap as described for the words indicator and monitor. To some extent, indicators,
monitors and sentinels can all be considered as surrogates for humans with different significance
relative to human risk assessment. If sticking to the strict definition o f sentinels, only situations for
which proven effects have been subsequently observed in humans would apply.

L im it a t io n s a n d A d v a n t a g e s o f B io m o n it o r in g
Monitoring the environment with small mammals may present a few drawbacks. For
example, the targeted species may not be available in the desired area o f study. Further, a feral species
may be difficult to maintain and reproduce in captivity or under laboratory conditions. Age, sex and
season o f the year may induce some variability in the collected data. However, there are multiple
advantages to the use o f small mammals as bioindicators. Overall, there is a relationship between the
concentration o f chemicals in soil and food and the concentration in target tissue o f several species.
Using animals in environmental monitoring gives insight into the sources, bioavailablility and
potential effects o f contaminants on living organisms (Talmage and Walton, 1991) and has more
significance in terms o f risk assessment than measurement o f the contaminants in the different media
(sediments, soil, water and air).
Biological endpoints used in monitoring studies are referred to as biomarkers. Biomarkers
used in environmental monitoring can be defined as “early adaptive or aberrant biochemical,
physiological, or histopathological changes in organisms in response to chemical or physical
exposures.” Based on human biomarkers, they can be separated into biomarkers o f exposure, which
can reflect the exposure in a qualitative or/and quantitative manner and biomarkers o f effects, which
are indicators o f potential biological adverse effects. It is important to realize that there is no clear-cut
separation between these two types but that there is a continuum between them. Thus, interpretation
o f the collected data must consider the significance o f the biomarker relative to exposure and
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biological effects. An ideal biomarker would give indications o f the type o f exposure, possibly its
level and the potential adverse effect (Wexler, 1998).

T h e C a se o f P A H s
Numerous studies have involved aquatic animals in the monitoring o f the environment.
Enzyme induction in filtering mollusks (Diaz-Mendez et al., 1998), such as mussels, have frequently
been cited in biomonitoring studies. The discovery o f high levels o f PAHs in lobster muscle and
hepatopancreas as well as in mussels from Sydney harbor implemented the banning of commercial
fishing in this area to protect human consumers and prevent their exposure by food consumption
(Sirota et al., 1983). Bottom-feeding fishes are suggested to be useful bioindicators o f PAHs or
carcinogen exposure and effects when testing for liver microsomal metabolic activation, EROD
activity or P450 immunodetection (Rodriguez-Ariza et al., 1994), PAH-DNA adducts (Burgeot et al.,
1996; Liu et al., 1991), DNA content analysis (Grady et al., 1992), presence o f tumors (Brown et al.,
1973) or lymphocytes response to mutagens (Faisal et al., 1991) as biomarkers. Marine mammals,
especially endangered populations, are also involved in PAH pollution monitoring through various
endpoints such as assays on mixed function oxidase activity (Fossi et al., 1997) and DNA adducts
(Mathieu et al., 1997).
On the other hand, few monitoring studies involving terrestrial animals, especially mammals
have been reported. Terrestrial mammals are phylogenetically closer to humans than aquatic species,
and would be o f more significance for human health risk assessment. There is a lack o f data regarding
the impact o f PAHs not only on terrestrial mammals but also on birds (Canters and de Snoo, 1993).
Some PAHs from exhaust content have been shown to be embryotoxic in birds (Hoffman, 1990).
Various biomarkers o f exposure and effects o f carcinogenic PAHs have been investigated to assess
the impact on mammalian health and subsequent extrapolation to human beings. P4S0 activity was
measured by alkoxyresorufin 0-deethylase in yellow-necked mouse (Apodemus Jlavicollis) (Bathia et
al., 1994) and Cotton rats (Sigmodon hispidus) (Elangbam et al., 1989b). Hemoglobin adducts o f
benzo(a)pyrene metabolites were detected in 50% o f shrews (Blarina Brevicauda) and 33% o f
muskrats (Ondotra zibethica) but notr in white-footed mice (Peromyscus leucopus) collected in an
industrial area (Talmage and Walton, 1991). Wild woodchucks (Marmota monax) living in a
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contaminated area presented elevated hemoglobin and albumin adducts o f benzo(a)pyrene diol
epoxide compared to an unpolluted site (Blondin and Viau, 1992). The clastogenic effects of
contaminants from a petrochemical waste site have been demonstrated by standard karyology and
flow cytometry from the spleen o f white-footed mice and hispid cotton rats (McBee and Bickham,
1988) (McBee et al., 1987). Bone marrow micronuclei frequency detected by immunofluorescent
antikinetochore staining was increased in 3 out o f 4 wild rodent species collected at sites
contaminated by anthropogenic activity such as petrochemical factories compared to reference sites
(Degrassi et al., 1999). Immunotoxicity, a factor contributing to carcinogenic potential o f chemicals,
has also been demonstrated in Cotton rats from sites contaminated with chemical mixtures including
PAHs. Both, cellular (McMurry et al., 1999) and humoral (Propst et al., 1999) alterations were
recorded. Other endpoints have been investigated in Sigmodon hispidus and are reviewed below.

C o t t o n R a t s {S ig m o d o n h i s p i d u s ) a s C a n d i d a t e s
Cotton rats belong to the Rodentia group, Muridae family, subfamily Sigmodonrinae, genus
Sigmodon. Previously, they were classified under the Cricetidae family, apart from the Muridae
family. However, the differences between the two families didn’t justify this familial distinction
(Nowak, 1991). Nevertheless, cotton rats are still referred to as part o f the Cricetidae family by most
researchers, potentially resulting in some confusion regarding phylogenetic association and affiliation.
Cotton rats are represented by eight different species (Nowak, 1991) and many subspecies of
Sigmodon hispidus have been described (Hall and Kelson, 19S9). The most usual karyotype is 2N=52
(Zimmerman, 1970). However, other karyotypes (2N=22, 2N=28, 2N=56) with regional localization
have been described. According to Zimmermann (1970), these three karyotypes did not arise from a
common gene pool, but represent different species based on karyotypic and morphological
differences.
Sigmodon hispidus is a small rodent frequently found in the southeast o f the United States of
America, Central America and the tropical part o f northern South America (Nowak, 1991). It is one of
the most prevalent rodents in these areas. These small mammals have a short life span in the wild.
Various authors report a lifetime o f six months to one year (Nowak, 1991). Cotton rats are
omnivorous. They feed on vegetation, insects, even small mammals and crayfish and fiddler crabs
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when living along ditches. In certain agricultural areas, they are serious pests and can destroy
significant amount o f sugar cane and sweet potatoes. Their habitat consists o f grassy areas or areas
with tall grass and shrubs. Interlacing runaways o f their passages, shallow burrows and small nests in
cuplike depressions in the ground can be detected allowing recognition o f areas o f activity (Nowak,
1991). Their home range is limited and has been estimated as short as 13 meters by Henneman et al.
(1994) with an average surface o f 500 m2 (Nowak, 1991) although 2500 to 5000 m3 for female and
male, respectively (Flcharty and Marcs, 1973), have been mentioned. Background information such as
biology (Faith et al., 1997), hematology (Katahira and Ohwada, 1993; Robel et al., 1996) and
pathology data (Elangbam et al., 1993; Elangbam et al., 1990; Faith et al., 1997; Kosoy et al., 1998;
Sorden and Watts, 1996) are available on laboratory and wild cotton rats. The P450 1A inducibility o f
cotton rats has been investigated and reviewed (Qualls et al., 1998). It appears that they have a
marked P450 1A inducibility (Elangbam et al., 1989a). P450 1A is induced at a lower dose o f PCBs
mixture and its activity plateaus at a lower value with increased PCB dose compared to P450 1A
activity o f Fischer 344 rats (Rattus norvegicus). Moreover, P450 activity in male cotton rats appears
to be induced at a lower dose o f aroclor 1254 than in females (Henneman et al., 1994; Lubet et al.,
1991).
All these biological characteristics make these animals an appropriate candidate for an
indicator o f environmental contaminants. The short life-expectancy o f these animals and high
reproductive rate allows for monitoring o f short term and long term effects o f contaminants as well as
the level o f exposure from contaminants. Short term effects and follow up o f exposure level can be
assessed since each generation will reflect the present exposure. Long term effects may be
investigated since many generations can be studied (Talmage and Walton, 1991). The short home
range provides the ability to monitor a specific and relatively well-defined area. Feeding behavior o f
cotton rats makes them capable o f absorbing higher levels o f contaminants compared to the vole
(Talmage and Walton, 1991). Cotton rats display higher P450 inducibility compared to other feral
rodents such as white-footed mouse and they appear to be a sensitive target species regarding P450
I A-mediated catalytic activity (Henneman et al., 1994). On the other hand, Peromyscus leucopus may
be more susceptible to chromosomal aberrations than Sigmodon hispidus, possibly secondary to
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physiologic and/or behavioral differences (McBee et al., 1987). Thus, they fulfill many of the criteria
reviewed by O ’Brien et al. (1993) for selection o f indicators species. These criteria are summarized
and applied to Sigmodon hispidus in table 2.2.
Table 2.2: Criteria o f selection for indicator species.
INHERENT CRITERIA

Application to Sigmodon hispidus

Size

Large enough to provide adequate tissue samples.
Small enough to be easily handled

Sensitivity

Potentially (P4S0 induction)

Physiological characteristics

Incomplete data (for instance: metabolism phase 1
known but phase 2 unknown)

Longevity

Adequate (cf text above)

Latent periods

unknown

EXTERNAL FACTORS
Position in the food chain

Omnivorous, intermediate position

Migration

Absent

Route o f toxic exposure

Air, Food (plants, insects, eggs and small mammals),
By close association with soil.

Abundance and distribution

Most

abundant

rodent

in

southeastern

and

southcentral USA
Ability to propagate in captivity

Possible from captive field rats.
Inbred strain commercially available.

Cotton rats have already been used in a few studies as monitoring species (cf table 2.3).
Presence o f mercury in kidney tissue, radioactive Strontium (*°Sr) in bones, radioactive Cesium
( >37Cs), radioactive Cobalt (MCo) and radioactive ruthenium ( ,C6Ru) have been investigated in
Sigmodon hispidus. The level o f the different radionuclides in biological tissues was found above the
expected environmental background level o r higher than the level at reference sites (Talmage and
Walton, 1991). Residues o f DDT in tissue have been analyzed in two animals. Liver residues matched
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Table 2.3: Sigmodon hispidus in biomonitoring studies (updated from Tamalge S.S and
Walton B.T. 1991)
Contaminant
Mercury

Site
Contaminated
floodplain

Assay
Kidney residues

Comments
6.7 pg/g in kidney
(reference site = 0.7)

Mercury

Chlor-alkali plant

Muscle and liver
residues

0.1 pg/g in muscle
3.8 pg/g in liver

Radionuclides
wSr

Radioactive waste
site

Bones residues

Higher activity than
at reference site

Radionuclides
u ,C s.“ Co, "*Ru,
wSr
DDT and
metabolites

Dry setting lake

Carcass activity

Body burden above
background

Agricultural area

Liver residues

Tissue reflected soil
concentration

Mirex

Treated fields

Whole body
residues

Complex mixtures

Petrochemical
waste site

Chromosomal
aberrations in
splenic cells

Higher than at
reference sites

Fluorides

Petrochemical
waste site
Toxic waste
disposal site

Bone fluoride level
Histology
Population
characteristics
Hepatic p450 level
Hepatic P450 level
Liver/body weight
Histology
Liver ultrastructure
Cell apoptosis in
ovary
Immune response

Higher level
Ameloblast lesions
Density, % juvenile
decreased
Increased
Increased
Increased
Lesions
Proliferation o f SER
Elevated compared
to reference site
Increased
splenocytes
proliferation
Decreased compared
to reference site

Complex mixture

PCBs

Industrial site

Complex mixture

Petrochemical
contaminated sites
Abandoned oil
refinery

Complex mixture

Complex mixture

Petrochemical
waste site

Immune response

Reference
(Talmage and
Walton, 1991)
(cited)
(Talmage and
Walton, 1991)
(cited)
(Talmage and
Walton, 1991)
(cited)
(Talmage and
Walton, 1991)
(cited)
(Talmage and
Walton, 1991)
(cited)
(Talmage and
Walton, 1991)
(cited)
(McBee and
Bickham,
1988) (McBee
et al.. 1987)
(Paranjpe et
al., 1994)
(Elangbam et
al., 1989b)
(Elangbam et
al., 1991)

(Savabieasfaha
ni et al., 1999)
(McMurry et
al., 1999)
(Propst et al.,
1999)

the level o f environmental contamination in the soil (Talmage and Walton, 1991). Residues o f Mirex,
an insecticide used for fire ant control in the southeastern USA, has also been detected in Hispid
conon rats following an aerial application (Talmage and Walton, 1991). Chromosomal aberrations
were significantly elevated in Sigmodon hispidus collected at a site contaminated with a complex
mixture (PCBs, petrochemicals and metals) (McBee and Bickham, 1988; McBee et aL, 1987). Cotton
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rats sampled from a site contaminated with petrochemical waste presented dental lesions related to
fluorosis. The level o f fluoride in the bones of these rodents was significantly higher than at the
control site (Paranjpe et al., 1994). Other endpoints such as population characteristics (Elangbam et
al., 1989b), hepatic P4S0 activity (Elangbam et al., 1991; Elangbam et al., 1989b), macroscopic,
histologic and ultrastructural examinations o f the liver (Elangbam et al., 1991), immune response
(McMurry et al., 1999; Propst et al., 1999) and ovarian cell apoptosis (Savabieasfahani et al., 1999)
have been investigated in Hispid cotton rats collected from sites contaminated with PCBs or other
toxic or petrochemical wastes. All these endpoints presented significant alterations compared to the
data obtained from reference sites.
This review validates the use o f cotton rats as a potential indicator in environmental monitoring
studies. It illustrates its use in toxic compound bioavailability assessment by analysis o f residues in
tissues. It also highlights the potential for investigating their effect through clastogenic, immunologic
and homeostatic endpoints.

T h e P r o c e s s o f C a r c in o g e n e s is
Various agents can contribute to or determine the occurrence o f tumors. Biological agents
such as oncogenic viruses, as well as physical agents such as radiation and chemicals can induce
cancer in animals. Part o f chemical carcinogenesis has been illustrated in the above review on 2aminoanthracene and benzanthracene. Some chemicals are able to intercalate within the DNA duplex
because o f their planar structure (ethidium bromide), which can lead to mutations. Others such as
nitrosamines (ethylnitrosourea) act as direct mutagens. PAHs, aflatoxin and others require metabolic
activation with phase I or less often phase II reactions to yield an electrophilic metabolite that is able
to form covalent bonds with cellular macromolecules including proteins (i.e., hemoglobin) or nucleic
acids (RNA or DNA). If not directly repaired by photolyase or methyltransferase or if not repaired by
excision process such as base excision repair and nucleotide excision repair, these adducts ca t raduce
different types o f mutations: frameshift mutation, point mutation but also chromosomal breaks and
translocations.
This first step toward tumor formation is called initiation. More than one mutation is required
for the cell to become cancerous. Only two hits (fixed mutations) are required for cell transformation
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in the case o f retinoblastoma. However, five to seven hits are required for most human cancers.
Promotion also plays an important role in carcinogenesis by increasing the probability for additional
mutations to occur. If promoters and some initiators are not carcinogens by themselves, application of
the initiator followed by the promoter will generally lead to tumor production. However, the
delineation between initiating and promoting agents is more a theoritical than a practical concept.
Carcinogenesis is now well recognized as a complex multistep process (Cohen, 1998; Pitot and
Dragan, 1996).
Under this heading, factors influencing mutation fixation and factors influencing the
potential biological effects of a mutation will be reviewed. A review o f mutations found in non
neoplastic o r preneoplastic tissues after chemical exposure will be included. The notion o f mutation
spectrum will also be mentioned and illustrated.

F a c t o r s In f l u e n c in g F ix a t io n M u t a t io n a t O n e S it e
Preferential Adduct Formation at Defined Site
The overall frequency o f DNA adducts after chemical exposure in various species and
systems has been studied by numerous laboratories. Humans exposed occupationally to coke oven
emission presented 100 to 14,000 fmol o f benzo[a]pyrene diol epoxide adducts per mg o f DNA from
peripheral lymphocytes using ultrasensitive enzymatic radioimmunoassay (Haugen et al., 1986). This
corresponds to 33 to 4,667 adducts / 109 nucleotides. Interestingly, the level o f adducts after exposure
cessation decreased in 6 out o f 9 workers in this study. Other authors have reported similar values:
407 aromatic adducts / 10* nucleotides in peripheral white blood cells from lung cancer patients, 200
adducts / 10s nucleotides among coke oven workers and 68 adducts / 10* nucleotides in healthy
smokers (van Schooten et al., 1992). Lungs from mice exposed per os to various PAHs (100 pg / Kg
body weight o f benzo[a]pyrene, benzo[b]fluoroanthene or dibenzo[a,h,]anthracene) presented about 7
adducts / 109 nucleotides (about 0.021 fmol PAHs / pg DNA) as detected by P32-postlabeIling
(Winker et al., 1995). Responsive and non-responsive strains o f mice, which received per os 100 mg /
Kg body weight o f benzo[a]pyrene, a dose three fold higher than in the previous study, displayed
adduct levels ranging from about 333 to 2,333 adducts / 109 nucleotides (1 to 7 fmol / pg DNA)
(Brauze et al., 1991). The level o f adducts in Sprague Dawley rats treated with 100 mg / Kg o f
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benzo[a]pyrene intra-peritoneally peaked 3-4 days post-exposure, around 433 and 333 adducts / 109
nucleotides (1.3 fmol and 1 fmol / pg DNA) in the liver and lung, respectively. Fifty-six days after
exposure, adduct levels decreased by five fold to about SO residual adducts / 109 nucleotides (Nesnow
et al., 1993). Beland and Poirier (1989) mentioned that adduct levels approximate 3 adducts / 105-106
nucleotides (about 10-100 fmol / pg DNA) in animals exposed to carcinogens under experimental
conditions. This frequency o f adducts decreases with the dose o f carcinogens administered. Presence
o f about 11 N-(dcoxyguanosin-8-yl)-2-aminofluorene adducts / 10° nucleotides (110 fmol / pg DNA)
in mice exposed to 2-acetyl-aminofluorene corresponded to a 50% risk o f developing liver tumors
(Gaylor et al., 1992).
However, the pattern o f nucleotide adduction is not random. As seen in the previous sections
on 2-aminoanthracene and benz[a]anthracene, chemicals will form adducts preferentially at certain
nucleotides. As a reminder, aromatic amines generate adducts at C8-deoxyguanosine principally,
whereas PAHs induced adducts at N2-deoxyguanine mainly and to a lesser extent N6-deoxyadenine
nucleotides (Beland and Poirier, 1989).
Moreover, some guanine bases may be more targeted than other guanine bases. Denissenko
et al. (1996) showed by ligation-mediated polymerase chain reaction (LM-PCR) that benzo[a]pyrene
diol epoxide preferentially adducted guanine residues in codons 157, 248 and 273 o f the human p53
gene in three different cell types (HELA cells, bronchial cells and fibroblasts) (Denissenko et al.,
1996). These three codons are hotspots in cigarette smoke-induced lung cancer, supporting the tenet
relating DNA adducts to carcinogenesis. However, the biological significance o f benzo[a]pyrenederived adducts may not be so straightforward. Some authors suggest that stable adducts such as
benzo[a]pyrene diol epoxide (BPDE) at the Nz position o f guanine are not responsible for tumor
initiation. Unstable benzo[a]pyrene adducts at the N7 or C8 position o f guanine or N7 position o f
adenine result in depurinated sites and are better correlated with tumor initiation in murine cutaneous
tumors (Chen et al., 1996). These results are in contradiction with Denissenko et al.’s observation.
The sequence context and the chromatin structure also influence mutagen binding to DNA
(Bohr et al., 1987; McGregor et al., 1997). As examples, benzo[a]pyrene diol-epoxide preferentially
binds to the middle base from the NGG or GGN sequence and a variety o f chemicals (acetyl
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aminofluorene, 2-hydroxy-acetyIaminofluorene, dimcthyl-AZ-nitrosamine and benzo[a]pyrene diolepoxide among them) preferentially bind to the nudeosome linker (Bohr et al., 1987).
Preferential DNA Repair
Between Active and Inactive Genes
Chen R. et al. (1992) showed that the rate o f repair o f BPDE adducts was slower in an
inactive gene than in the non-transcribed strand o f an active gene such as HPRT gene, suggesting a
role o f DNA structure and chromatin arrangement in repair efficiency. The dense and compacted
chromatin of inactive genes may prevent repair factors’ access to the damaged site (Bohr et al., 1987).
Between DNA Strands
Preferential repair o f DNA adducts often occurs on the transcribed DNA strand versus the
non-transcribed DNA strands in relation with transcription-coupled repair (TCR). This form of
nucleotide excision repair allows correction o f the transcribed DNA strand o f active genes to occur
five to 10 times faster than in the non-transcribed DNA strand (Lindahl and Wood, 1999). This
phenomenon has been observed for a variety o f adducts: UV-induced pyrimidine dimers in the human
and hamster dihydrofolate reductase (DHFR) gene (Mellon et al., 1987), aflatoxin B1 and 1nitrosopyrene derived adducts (McGregor et al., 1997) and benzo[a]pyrene diol epoxide in the human
hypoxanthine phosphoribosyltransferase (HPRT) gene (Chen et al., 1992; McGregor et al., 1997).
However, N-acetoxy-2-acetylaminofluorene-derived adducts (mainly the deacetylated form) did not
display any strand bias in the human HPRT gene (McGregor et al., 1997). Similarly, no strand bias
repair was observed for BPDE in the DHFR and adenine phosphoribosyltransferase gene o f CHO
cells (Tang et al., 1994). TCR is linked to the nucleotide excision repair and would be expected to
specifically apply to bulky adducts. However, TCR and preferential repair o f the non-coding strand
(or transcribed DNA strand) has also been observed with oxidative lesions (Cooper et al., 1997;
Foster, 1997) and alkylating adducts (Hemandez-Boussard and Hainaut, 1998), suggesting the
presence o f a transcription coupling o f base excision repair (Lindahl and Wood, 1999).
Between Various Adducts
It is believed that the ability o f adducts and DNA damage to block replication or transcription is
linked to the rate o f excision repair. l-nitrosopyrene, benzo(a)pyrene diol epoxide and N-acetoxy-2-
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acetylaminofluorene-derived adducts result in decreasing rate o f excision from the overall genome
and the hprt gene. The stronger the block in DNA synthesis and transcription, the faster the excision
repair. However, l-nitrosopyrene-derived adducts (the fastest to be repaired) are not the least
mutagenic and N-acetoxy-2-acetylaminofluorene-derived adducts (the slowest to be repaired) are not
the most mutagenic. Thus, other factors such as adduct conformation and sequence context are
definitive contributing parameters in the mutagenic potential of the unrepaired adducts (McGregor et
al., 1997). This conclusion is supported by the work o f Braithwaite et al. (1999). Different repair
efficiencies were experimentally calculated for various PAH adducts. Both chrysene-1,2-dihydrodiol3,4-epoxide (CDE) and dibenzo[a,l]pyrene-l l,12-dihydrodiol-13,14-epoxide (DBPDE) adducts were
similarly and efficiently repaired by NER, though CDE and DBPDE are weak and very potent
carcinogens (Braithwaite et al., 1999).
Between Different Locations o f a Gene
Higher NER efficiency has been observed at the 5’ end of the hamster DHFR gene compared
to its 3 ' end and heterogeneity o f repair within another gene has been reported (ap Rhys and Bohr,
1996). With 1-nitrosopyrene-derived adducts, McGregor et al. (1997) have shown by LM-PCR that
the rate o f excision repair within exon 3 o f the hprt gene from human fibroblasts varied with the
nucleotide position resulting in a 0 to 90 % adduct removal depending on the considered base site. In
their review, Bohr et al. (1987) provided another example. 0 6-methylguanine adducts are
preferentially corrected by direct repair with methyltranferase when the nucleotide on the S' side o f
the lesion is a pyrimidine base as opposed to a purine base. This may explain the high frequency o f
mutation at the guanine base from site 2 o f codon 12 o f H-ras gene compared with the absence of
mutations at the guanine base from site I o f this codon since codon 11 sequence is GCT (Bohr et al.,
1987). Methyl adducts may also be differentially repaired at various positions due to influences on the
structure o f the DNA strand resulting in positive or negative alterations o f the stability o f the DNA
complex (Bishop and Moschel, 1991). Bishop and Moschel (1991) have shown that O6methylguanine at the second position o f codon 12 o f H-rar results in formation o f a stable hairpin
complex with higher stability than with 0 6-methylguanine at the first position or the unmodified DNA
duplex. The higher stability o f the structure conferred by the 0 6-methylguanine at the second position
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decreased the recognition o f this adduct by repair proteins and explains in part the apparent site
specificity o f mutation induction by methylating agents.
Cell Turn Over
Cell turn over is a prerequisite for the fixation o f mutations. One or more rounds o f cell
division are required (Pitot and Dragan, 1996). Cell division allows for the fixation o f the DNA
lesions, but by increasing the pool o f cells susceptible to malignant transformation, it also increases
the probability for other damage to occur and / or be fixed, resulting in additional mutations
(Moolgavkar, 1993). Moreover, much o f the DNA repair processes are tuned o ff during DNA
synthesis so that DNA damage talcing place during this phase are more susceptible to becoming fixed
(Foster, 1997).
Expected Overall Mutation Frequency
Any mutation detection for monitoring o f the presence o f toxic chemicals in the environment
must ensure that the estimated spontaneous mutation rate is lower than the expected chemical-induced
mutation rate. Attempts to determine the frequency of initiated cells have been made experimentally.
However, because no techniques are routinely available to detect mutations at very low frequencies
(below 10~* sensitivity) and because o f the uneven distribution o f adducts, their repair and the
differential biological significance o f the resulting mutation, it is very difficult to verify these
assumptions. As a result, there is a paucity o f experimental data available.
Spontaneous Mutation Frequency
Overall the spontaneous mutation rate has been estimated to be 1.4 x 10 "l0 mutation /
nucleotide / cell generation based on HPRT gene studies in vitro with human lymphocytes (Loeb,
1991). Another study observed a mutation frequency equal to 8 x 10'4 mutation / nucleotide / cell
generation in the human HPRT gene from T lymphocytes (Tates et al., 1991). However, the
background frequency o f spontaneous mutation is different depending on the tissue being considered.
Another estimate o f the frequency o f mutations in human lymphocytes based on HPRT gene
experiments gave 5 x 10

whereas a higher value (2.S x 10

mutation /cell) was observed in renal

and epithelial cells. Since the HPRT gene has an open reading frame o f 1.3 Kb, these values
correspond to 4 x 10 ^ and 2 x 10 ~7mutation / nucleotide / cell, respectively (Simpson, 1997).
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Chemically Induced Mutation Frequencies
In a similar manner, the overall mutation frequency observed after chemical exposure may be
estimated based on data using reporter genes in rats exposed to dinitropyrenes (Smith et al., 199S;
Smith et al., 1997) or transgenic mice exposed to benzo(a)pyrene (Shane et al., 1997). In these
models, the reported mutation frequencies were 10 and 4 fold above the spontaneous mutation
frequency corresponding to 3 x 10"* mutation / nucleotide / cell and 1.39 x 10'9 (12 x 10'Vlac I
size^lOSO/number concatener=2x40) mutation / nucleotide / cell, respectively. F344 rats exposed to
single doses o f EN'U K.csented a dose-dependent increase in 6-thioguanine-resistant T lymphocytes
from zero in the control group to 40.6 x I O'6 in the high dose group one week post exposure, which
would correspond to 3.12 x 10'8 mutation / nucleotide / cell (Aidoo et al., 1993). A mutation
frequency corresponding to 5.15 x 10'* mutation / nucleotide / cell was reported in hprt gene o f F344
exposed to a lower dose o f ENU (Smith et al., 199S). These estimates o f the overall initiation
frequency are still below the sensitivity o f intragenic mutation detection assays. However, they do not
necessarily reflect the mutation frequency at defined positions within DNA.
Zhang et al. (1991) have determined using an in vivo limiting dilution transplantation assay
that 1 out o f 7200 surviving mammary cells was initiated after a single exposure to MNU
intravenously. Seventeen percent o f MNU-induced carcinomas had an activating G->A mutation at
codon 12 o f the H-ros gene, which represents 2.32 x 10'5 (1 o f 43,000) surviving mammary cells
(Zhang et al., 1991). Such a high frequency of mutant cells at this site suggests that the distribution
was not random and that codon 12 is a hotspot for the chemical MNU in the mammary gland or that
the overall frequency o f MNU-induced mutations is elevated. It is o f interest to mention that the wellestablished MNU-induced codon 12 site 2 G->A mutation o f H-ras has been suggested to arise from
preexisting oncogenic mutant cells and preferentially selected via epigenetic factors or by alteration of
the physiologic condition o f the exposed F344 rats (Cha et al., 1996). The frequency o f these
spontaneous oncogenic mutations would be about 4.32 x 10* (1 in 230,000). However, this is in
contradiction with ail known data on G->A transition resulting from 0 6-methyl G adduct foimed after
nitrosamines exposure (Zhang and Jenssen, 1991) and with Barbacid’s team work (Kumar et al.,
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1990), who showed that MNU-induced H-ras mutation was found in normal mammary tissue 12 days
after the exposure, whereas the unexposed group was negative for this mutation.
pS3 mutations have also been found in histologically normal human epithelium o f the
aerodigestive tract as cited by Hainaut and Hollstein (2000). In normal human skin exposed to UV
light, mutation frequency at a particular codon o f pS3 was estimated between 10*6 and 10'2 (Jonason et
al., 1996). A dose-dependent mutation frequency o f 10'7 to 1.84 x 10’s at codon 249 was determined
in normal human liver exposed to aflatoxin B 1 (Aguilar et al., 1994).
Comparison o f genes involved in carcinogenesis with reporter genes suggests that prevalence
o f mutant cells may be higher than suspected, as mentioned by Hainaut and Hollstein (2000). It
appears from these data that the frequency o f mutations induced by chemicals is not yet well-defined
and will require more investigation using sensitive techniques for mutation detection.

F a c t o r s I n f l u e n c in g t h e P o t e n t ia l B io l o g ic a l E f f e c t o f a
M u t a t io n
Gene, Codon an d Site o f the Mutation
Mutations have variable biological significance based on their location. Mutations present in
reporter genes will not favor the carcinogenic process, whereas mutations in tumor suppressor genes
or oncogenes that are involved in growth and cell cycle, apoptosis, DNA repair, etc, may represent
one more step in the multistep carcinogenesis. Within these latter genes, mutations must be present in
exon or splice junctions within introns (Lewin, 1997) to yield a protein with altered function. Even
within a given exon, not all mutated codons may result in significant structural and biological
alteration in the corresponding protein. For instance, mutations in the ras gene family are mainly
found at codon 12 and 13 o f exon 1 and codon 61 o f exon 2. Because the genetic code is degenerate,
mutations occurring at the third position o f m ost codons may not induce any change in the amino acid
sequence. p53 and K-ras are two different types o f genes well-known to be involved in the
carcinogenesis process when mutated.
d 53

Gene

The pS3 gene is a tumor suppressor gene whose product acts as a multifactorial trancriptional
factor. This molecule is the focus o f intense research and more than 13,000 articles have been
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published on this gene and protein. Inspite o f these efforts, the multiple faces o f pS3’s biological
functions remain unclear. Many reviews have been published highlighting structure-function
relationship, focusing on what is known regarding its continuously extending roles (Hainaut and
Hollstein, 2000; May and May, 1999; Prives and Hall, 1999) (Argarwal et al., 1998; Ashcioft and
Vousden, 1999; Lakin and Jackson, 1999; Levine, 1997; Moll and Schramm, 1998). A general
overview o f roles o f p53 as tumor suppressor gene and the significance o f mutations in this gene will
be highlighted.
The p53 protein is a S3 kDa protein o f 393 residues separated in S important structural and
functional domains: N-terminal transcriptional activation domain (residues 1-44), proline rich
regulatory domain (residues 62-94), core domain or sequence-specific DNA-binding domain (residues
110-292), oligomerization domain (residues 325-363) and multifunctional basic C-terminal domain
(residues 363-393) (Hainaut and Hollstein, 2000). Induction o f p53 occurs through post-translational
modifications or in response to a variety o f stresses including DNA damage, oncogene imbalance,
hypoxia, serum starvation and oxidative damage. Following DNA damage, numerous kinases (ATM,
ATR, DNA-PK) can phosphorylate the acidic N-terminal transactivation domain, rendering p53
protein insensitive to mdm2 inhibition, increasing p53 stability, and unmasking the transactivation
domain (Lakin and Jackson, 1999). Inhibition o f mdm2-directed degradation o f the p53 protein can
also take place secondary to pl9ARF induction following oncogene imbalance (May and May, 1999).
Another structural modification is required at the basic C-terminal o f the protein to permit binding o f
the central core to specific DNA sequences (Hainaut and Hollstein, 2000). C-terminal alteration by
acetylation may directly occur in response to certain types o f DNA damage (Prives and Hall, 1999).
Binding o f the pS3 protein to specific DNA sequences occurs after tetramerization (formation o f a
dimer o f dimers, more precisely) and is regulated by the C-terminal domain. The N-terminal
transactivation domain can then activate a variety o f genes to whom p53 is able to bind through
interaction with the transcriptional machinery (TBP and TAFs). As a result, arrest at cell-cyde
checkpoints (arrest in G1 through p21WAF and GADD4S, arrest in G2 through 14-3-3o and arrest in
mitotic checkpoint) occurs giving more time for the cell to undergo DNA repair. Apoptosis can also
be triggered through downreguladon o f Bcl2, upregulation o f BAX, induction o f AP01/fas/CD4S and
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Killer/DR5 death receptor, and down regulation o f survival factors such as IGF-1 (Hainaut and
Hollstein, 2000). Repair is also facilitated via binding to RPA and PCNA protein and by p53
induction o f the pS3R2 gene that encodes a ribonucleotide reductase involved in DNA repair (Tanaka
et al., 2000). Genomic integrity is maintained by functional p53. In short, p53 is at the crossroad of
multiple pathways responding to a variety o f stresses that have tumorigenic/carcinogenic potential
(DNA damage, oncogene imbalance) by a variety o f effects (cell cycle arrest, DNA repair, apoptosis).
The purpose o f the p53 response pathways is to counteract the consequences o f the initiating stress.
From this overview on the roles o f p53, it appears that mutations affecting its function will
favor mutation fixation and survival o f mutated cells. Mutations in the p53 gene are found in about
50% o f human tumors. Missense mutations have been found in 231 out o f the 393 codons from pS3
and in all codons but codon 123 from the DNA-binding domain (codons 110-292). Most detected
mutations are clustered within highly conserved regions o f exon 5 to 8 o f the p53 gene. Deletion,
insertion and stop codons have also been described to a lesser extent and affect the N and C-terminal
region mainly. Some mutations can result in a dominant negative effect or gain o f function that
explains the early assignment o f the pS3 gene as a member o f the oncogene family (Hainaut and
Hollstein, 2000). In rats, this gene is not mutated as often in tumors suggesting that p53 gene is not as
important in rat carcinogenesis as it is in human carcinogenesis. However, results in rats are not as
clear-cut as expected. Various studies yield different frequencies in mutated p53 among chemically
induced tumors (Matsumoto et al., 1997). No p53 mutations were detected in rat tongue at various
stages o f tumor development (dysplasia to squamous cell carcinoma) (Suzui et al., 1995), in seven
MNU-induced rat colon adenocarcinomas (Min et al., 1997), in chemically induced rat hepatic
tumoral or preneoplastic lesions (Tokusashi et al., 1994) or in nine MNU-induced rat mammary
tumors (Ogawa et al., 1996). Kito et al. (1996) observed 1 mutation in 40 DMBA-induced rat
mammary adenocarcinomas. McKenzie et al. (1997) also reported a mutation at codon 280 o f the p53
gene in cells in vitro originating from a mammary tumor. The authors did not find any evidence o f
mdm2 gene amplification that could explain the silencing o f a functional p53 gene (McKenzie et al.,
1997). One out o f 17 V-butyl-V-(4-hydroxybutyl)nitrosamine-induced urinary bladder tumors from
rats was detected with a point mutation in the p53 gene (Min et al., 1997). Insertional mutation in the
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core binding domain has been noted in 1 out o f 19 rat transplantable thyroid carcinoma cell lines
derived from tumors induced by yV-bis(2-hydroxypropyl)nitrosamine (Kitahori et al., 1996). Very few
p53 mutations were reported from these studies in rat tumors that were chemically induced. However,
high frequencies o f p53 mutation (from 30 to 80%), including mutation at codon 179, were detected
in various F344 rat tumors (squamous cell carcinomas from forestomach, intestinal adenocarcinomas
and soft tissues sarcomas) induced by MNU (Matsumoto et al., 1997) and in 30% to 36% o f
esophageal papillomas induced by NMBA (N-nitrosomethylbenzylamine) (Lozano et al., 1994; Wang
et al., 1996). Forty five percent o f nasal squamous cell carcinomas from F344 exposed to
formaldehyde had p53 mutations (Recio et al., 1992). Forty four percent o f hepatic angiosarcomas
induced by vinyl chlorine in Sprague Dawley rats bore p53 mutations (Barbin et al., 1997).
Hepatocellular carcinomas induced by A/-nitroso-2acetylaminofluorene and 2-acetylaminofluorene in
Sprague Dawley rats presented p53 mutations at a frequency o f 20% and 30%, respectively (Ho et al.,
1995), whereas 50% o f tamoxifen-induced hepatocellular carcinomas were detected with pS3
mutations (Vancutsem et al., 1994). Seven out o f 12 (58%) F344 rats receiving a methionine-deficient
diet developed pS3 mutations in preneoplastic hepatic nodules (Tsujiuchi et al., 1997). In hamster,
pS3 mutations were also frequently detected from 7,12-dimethylbenzanthracene or N-methyl-Nbenzylnitrosamine-induced cheek pouch preneoplastic and neoplastic lesions (Chang et al., 1996;
Gimenez-Conti et al., 1996), to a lesser extent in MNU-induced pancreatic ductal adenocarcinomas
(Chang et al., 1994) and in codon 178 (corresponding to codon 173 in rats) from cell lines derived
from N-nitroso-bis(2-oxopropyl)amine-induced pancreatic carcinomas (Erill et al., 1996).
Various reasons may explain the disparity between pS3 mutation frequency in human and
rodent tumors. In rodents, the p53 pathway might be inactivated indirectly through any molecular
effectors o f the p53 gene (p21WAF-l, BAX, mdm2„ etc.) or any o f the upstream signaling factors
leading to pS3 activation (ATM, ARF, etc.)(Hainaut and Hollstein, 2000; May and May, 1999). It is
possible that other pS3 family members such as the newly discovered human p63 and p73 (Kaeiin,
1999) may play a central role in rodent carcinogenesis in place o f the p53 gene. Another reasonable
explanation would be the difference in exogenous factor exposure. Overall, the heterogeneous human
population is exposed to relatively homogeneous mixtures o f chemicals, whereas rodents (usually
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inbred) are exposed to a variety o f unique chemicals individually followed by a variety o f single
promoting agents. As reported by Hainaut and Hollstein (2000), up to 80% o f lung tumors from
smokers harbor p53 mutations, whereas only 20% o f lung tumors from non-smokers carry mutated
p53, supporting the influence o f exogenous factors on mutation frequency.
Mutation in the p53 gene is generally considered as a late event in the multistep
carcinogenesis such as the Volgestein pathway in colon cancer (Kinzler and Volgelstein, 1996).
However, p53 mutations have been detected with a dose-dependent frequency from histologically
normal liver and skin from humans exposed to aflatoxin B1 (Aguilar et al., 1994) and UV light
(Jonason et al., 1996) respectively, suggesting that pS3 mutations occur as an early event in these
tissues. Aguilar et al. (1994) suspected that mutation detection methods were not sensitive enough to
detect mutation at an early stage o f tumorigenesis in these two models.
K-mr Gene
The K-ray gene belongs to the ras gene family that includes H-rar, K-ras and N-rosr. This
family o f proto-oncogenes encodes a 21 kDa GTP-binding protein involved in the regulation o f signal
transduction. These three 21 kDa proteins are homologous and present four functional domains: nonessential domain, essential domain, nucleotide binding domain (residues 5-22 and 109-120) and
effector domain (residues 30-40) (Lcwin, 1997; Maronpot et al., 1995).
Upon binding o f growth factor to a specific tyrosine kinase membrane receptor, the activated
receptor binds to an adaptator protein (Grb2) that can recruit a GNRF (Guanine Nucleotide Release
Factor such as SOS) near the cell membrane and close to the inactive GDP-bound ras form. SOS
favors the displacement o f GDP in favor o f GTP on ras proteins. The interaction o f p21 with SOS
occurs at two vital domains, residues 32-47 and 55-71 and residues 102-103 (Pincus et al., 2000). As a
result, ras proteins are activated by binding GTP instead o f GDP, triggering a cascade of protein
phosphorylation. Activation o f Raf (a cytosolic serine/threonine kinase) activates MEK. kinase (a
serine/tyrosine kinase), which in turn activates MAP kinase (a serine/threonine kinase such as ERK1,
ERK2 and JNK) that ultimately activates or inhibits various transcription factors (myc, fos, jun).
Other effectors o f the ras protein encompass PI3 kinase (phosphoinositol 3 Irinsase) and NF-icB
antiapoptotic factor (Rebollo and Martinez, 2000). It has been suggested that each ras protein is
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involved in different signal transduction pathway (Rebollo and Martinez, 2000). The conversion tfom
the active GTP-bound form to the inactive GDP-bound form depends on the intrinsic GTPase activity
o f the ras protein. This intrinsic GTPase activity is also catalyzed by GTPase-activating protein
(GAP). The induction o f the transcription factor by activated ras proteins allows for the control of cell
proliferation, cell differentiation and cell death.
Mutations in ras genes are the most common mutations found in human tumors as well as
tumors from experimental animals. In humans. 90% o f pancreatic adenocarcinomas, 50% o f colon
cancer, and thyroid tumors and 30% of lung cancer and myeloid leukemia carry ras gene mutations
(Bos, 1989). Mutations at codon 12, 13 and 61 o f any ras gene are commonly found in these tumors.
Codons 12 and 13 are positions corresponding to the nucleotide binding domain o f the protein
(Lewin, 1997). Codon 61 is part of the vital domain o f p21 that interacts with SOS (Pincus et al.,
2000). Mutations at these sites prevent the inactivation o f ras protein. As a consequence, ras proteins
remain in an activated form stimulating growth or differentiation in an uncontrolled manner (Bos,
1989).
In animal models, mutations in ras genes from chemically induced tumors are also frequently
detected (Sills et al., 1999). Because o f the high homology between human and rat ras genes (Lin et
al., 1995), mutations at the same location as in human tumors are found in rodent tumors. The
member o f the ras family that is found mutated in tumor depends on the tissue o f origin.
K.- ras mutations have been found in renal, pulmonary, pancreatic and colonic tumors in
various species. Rat methyl(methoxymethyl)nitrosamine-induced renal tumors displayed mutations in
codon 12 o f K-rar gene (Sukumar et al., 1986). Eighty five percent o f NNK-induced pulmonary
tumors in Syriam Hamster presented mutation in K -rar (Oreffo et al., 1993). F344 rats exposed by
intrapulmonary route to dinitropyrenes also carried K-ros codon 12 mutation in pulmonary tumors
(Smith et al., 1997). An activated K-ras gene is often detected in colonic tumors induced by
dimethylhydrazine, azoxymethane or to a lesser extent methylnitrosourea (Erdman et al., 1997;
Jacoby et al., 1992; Jacoby et al., 1991; Shivapurkar et al., 1994). Malignant tumors o f
neuroectodermal origin (schwann cell) from the prostate had activating K -rar gene mutations
(Sukumar et al., 1991). K-ras cl2 mutations have been detected in 7% and 3% o f hepatic tumors and
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preneoplastic lesions collected from rats exposed to 3 ’-methyl-4-dimethylaminoazobenzene and
aflatoxin B l, respectively (Tokusashi et al., 1994), whereas hepatic tumors in mice usually bear H-ras
mutations (Maronpot et al., 199S).
H-ras mutations are consistently reported in mammary and Harderian gland (Hong et al.,
1997), cutaneous and hepatic tumors in mice, rat methylbenzylnitrosamine-induced esophageal
papillomas (Barch et al., 1991; Wang et al., 1990) and to a lesser extent rat bladder. In rats, 25% o f N[4-(5-Nitro-2-furyl)-2-thiazolyl]formamide- (Masui et al.,

1991) and 50% o f A/-butyl-/'/-(4-

hydroxybutyl)nitrosamine-induccd bladder carcinomas (Enomoto et al., 1990) presented mutations in
H-ras gene.
N-ras mutations are commonly found in leukemia and other tumors involving the lymphoid
system (ex; thymoma) (Osaka et al., 1997).
Usually, ras mutations arise from epithelial tissue (Bos, 1989) but this is not the rule since Kras mutations are found in mesenchymal (Higinbotham et al., 1992; Sukumar et al., 1986) but not
epithelial (Matsumoto et al., 1992; Nishiyama et al., 1995) chemically induced rat renal tumors.
Ras gene mutation can be a late and an early event in the multistep carcinogenesis.
Numerous studies offer evidence o f mutation in preneoplastic tissues. Kitahori et al. (1996) reported
K- ras cl2 GGT-> GAT mutation in the thyroid o f 1 out o f 5 Wistar rats eight weeks afler three
weekly exposures to /V-bis(2-hydroxypropyl)nitrosamine (DHPN). A previous experiment with
identical exposure regimen resulted in thyroid, kidney and lung carcinomas 40 to 45 weeks after the
last treatment. Such results suggest the presence o f K-rar mutation early in the multistep
carcinogenesis process. It is possible that such a mutation be present early but cannot be detected due
to a lack o f technique sensitivity. SSCP, RFLP and sequencing, techniques used by the authors
(Kitahori et al., 1996) have a detection limit lower than 1 out o f 100 (Parsons and Heflich, 1997).
Techniques with higher sensitivity may have highlighted a higher frequency o f early mutations. In
lungs, K-ror mutations were found in 40% (6/15) o f alveolar hyperplasia cases induced after exposure
o f rats to /V-nitrosobis(2-hydroxypropyl)amine (BHP) (Kitada et al., 1996). K-ras codon 12 site 2
mutations were also present in azoxymethane- (Shivapurkar et a t, 1994; Vivona et al., 1993) or
heterocyclic amine- (Tachino et al., 1995) induced aberrant crypt foci, which are considered an early
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marker o f malignant potential. Site 2 o f codon 12 K-ras has also been reported mutated in normal
colonic mucosa o f rats exposed for IS weeks, once a week, to dimethylhydrazine (Jacoby et al.,
1991), supporting the fact that such mutations are early events in the colon. Activated K-ras gene was
also detected in other species. In a model o f bile duct carcinoma in hamster, K-ras mutation was
found even in hyperplastic lesions (S/39) (Yamanaka et al., 1997). All these studies highlight the
involvement o f activated K-ras gene early in multistep carcinogenesis. Such observations have also
been extended to the other members o f the ras family. N-ras mutation was found in the bone marrow
of Long Evans rats 48 hours following a single injection o f 7,12-dimethylbenz[a]anthracene (Osaka et
al., 1997). Activation o f the H-ras gene was detected by immunohistochemistry in hyperplastic and
dysplastic esophageal lesions from rats exposed to methyibenzylnitrosoamine (MBNA) (Barch et al.,
1991). In rats, H-ras mutations at codon 61 were found in preneoplastic lesions as well as
hepatocellular carcinomas o f the liver (Baba et al., 1997). H-ras mutations were also detected in 65%
of rat mammary intraductal proliferation (Sakai and Ogawa, 1991) and in non-neoplastic mammary
tissues from 71% o f rats two weeks following exposure to ENU (Kumar et al., 1990).
Cell Proliferation
Cell proliferation is not only important for mutation fixation but it also plays a significant
role in biological expression o f mutated cells. Cell replication allows mutated cells with phenotypes
that give them growing or survival advantages over neighboring cells to undergo clonal expansion
(Foster, 1997). Moreover, this is favored in tissues when apoptosis is inhibited by endogenous or
exogenous trophic factors such as hepatic growth factors and chemical promoters (Schulte-Hermann
et al., 1997). This clonal expansion increases the risk o f additional mutational events in these already
initiated cells. This process is referred to as promotion. Numerous inidation-promotion experimental
studies illustrate this concept. For example, in the absence o f promotion, no esophageal tumors were
observed in rats after a single N-nitrosomethylbenzylamine exposure, whereas increased cell
proliferation by a zinc-deficient diet resulted in high prevalence o f tumor development (Fong et al.,
1997). Cells bearing a number o f mutations, which confers them growth independence, progress from
benign to malignant tumor. At this stage, cell proliferation o f the multi-mutated cells occurs
independently from external stimuli (progression phase) (Foster, 1997). In this manner, cell turn over
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contributes to biological expression o f mutated cells and the emergence o f neoplasia. Critics have
been made regarding cell proliferation as a major risk for carcinogenesis (Farber, 199S). It is
important to keep in mind that cell proliferation mainly plays its role in the biological effect o f a
mutation after failure o f biological barriers to protect cells from the detrimental effects of endogenous
or exogenous genotoxic agents and after occurrence o f cell initiation by mutation fixation, which is
itself favored by cell proliferation.
Im munosurveillance
Observations that immunodeficient individuals present with a frequency o f cancer 200 fold
higher than immunocompetent individuals support a role for immunity in the removal o f some
tumoral cells. Experimental evidence exists that sensitized T cells, natural killer cells and
macrophages contribute to the elimination o f some tumoral cells before their evolution to neoplasm
(Cotran

et

al.,

1999).

For

instance,

the

degree

of

immunodepression

induced

by

dimethylbenz[a]anthracene (DMBA) was correlated to the rate o f growth o f rat mammary tumors
(Gallo et al., 1993). Effects o f cellular immunity on the early stage o f mouse skin carcinogenesis
induced by PAHs using DMBA was also investigated (Elmets et al., 1998). Elmets et al. (1998)
observed an increase in DMBA adduct disappearance and fewer tumors in a strain o f mice with strong
cell-mediated immunity. Their results extented the concept o f immunosurveillance from tumoral cells
to initiated cells. Thus, some PAHs such as dimethylbenz[a]anthracene, 3-methylchoianthrene and
benzo[a]pyrene, which have marked immunosuppressive properties (Wojdani and Alfred, 1984) or
benz[a]anthracene, which has moderate immunossuppressive properties (White et al., 198S) could
alter the removal o f tumoral cells by reducing the efficiency o f the host immunosurveillance.
In conclusion, occurrence o f mutations at specific nucleotides may result from a combination
o f factors: an increased rate o f DNA damage, a decreased repair o f this DNA damage, an elevated
frequency o f misincorporation by DNA polymerase opposite the unrepaired lesions and the selective
proliferation o f cells harboring the mutation (Loeb, 1991). This neoplastic transformation must then
be followed by the failure o f the host immunity to eliminate this/these abnormal cells (Tanaka et al.,
1985).
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Intrinsic mutability o f a sequence and bioselection o f mutants contribute to the emergence of
the mutation spectra observed in tumors (Hainaut and Hollstein, 2000; Hemandez-Boussard and
Hainaut, 1998).

M u t a t io n S p e c t r u m
Because these factors influence the fixation o f a mutation and its biological significance for
the affected cell, certain mutations are found more predominantly in tumors. Hotspots in a gene
correspond to codons o f a gene that are frequently mutated in tumors. Mutation spectrum refers to the
relative percentage o f the different mutations and may or may not include the notion o f hotspots
associated with the type o f mutation involved.
For instance, in humans, codon 617 o f the hprt gene appears to be a hotspot in ethylene oxide
exposed workers since a G -> A transition is frequently found at this site and is compatible with this
alkylating agent (Natarajan, 1993). Hepatic angiosarcomas from workers exposed to vinyl chloride
have G->A mutations at codon 13 o f the K-ras gene. Lung cancers from smokers frequently bear
G -> T transversions at codons 157, 158, 179,248,249 and 273 o f the p53 gene. Chronic ingestion of
aflatoxin B1 is known to induce hepatocellular carcinoma with a high prevalence o f G -> T
transversions at the third base o f codon 249 o f the p53 gene. On the other hand, G -> T transversions
are more frequently found at the second base site o f codon 249 in lung cancer (Hemandez-Boussard
and Hainaut, 1998). The high frequency o f transversions found in lung cancer is compatible with the
presence o f bulky adducts induced by benzo[a]pyrene and 4-aminobiphenyl contained in cigarette
smoke and match the mutation spectrum found in various experimental model systems such as
bacteria, mammalian cells and rodents (DeMarini et al., 1995). UV light also leaves its footprint in
human squamous ceil carcinoma o f the skin, which generally present with mutations at dipyrimidine
sites with a high proportion being CC to TT double-base mutations in the p53 gene (Vogelstein and
Kinzler, 1992).
Animal studies have shown that different carcinogens may effectively yield different
mutation spectra in the tumors they induce. For instance, the mutational pattern o f UV light in
squamous cell carcinoma o f the skin has been confirmed in mice tumors, which presented C->T and
CC->TT mutations at dipyrimidine dim en in the p53 gene (Kress et al., 1992). Zhang and Jenssen
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(1991) have shown that methylnitrosourea (MNU)-induced mutations occur mainly at the middle base
in 5 ’-purine-G-N-3’ sequence in the non-transcribed strand o f the hprt gene o f V79 Chinese hamster
cells. in vivo, MNU also induced G->A mutations at codon 12 o f H-ras gene (a 5’-purine-G-N-3’
sequence) in rat mammary tumors (Lu and Archer, 1992; Zarbl et al., 198S), whereas DMBA resulted
in A->T transversions at codon 61 o f H-ras gene (Kito et al., 1996; Zarbl et al., 1985). Similar A->T
mutations at codon 61 are also found in mouse (Brown et al., 1990; Quintanilla et al., 1986) and rabbit
(Matesanz et al., 1995) skin tumors and in a cell line derived from rat tracheal implant (Cosma et al.,
1990) exposed to this chemical. Different heterocyclic amines also induce different mutational
footprints. 2-amino-3,4-dimethylimidazo[4,5]quinoline (MelQ) induces a high frequency of G->T
transversions at codon 13 site 2 o f the H-ros gene in rat Zymbal gland (Kudo et al., 1991), contrary to
2-amino-3-methylimidazo[4,5]quinoline (IQ,) which does not induce any specific type or location o f
ras mutation (Takahashi et al., 1993). 2-Amino-l-methyl-6-phenylimidazo[4,5]pyridine (PhlP)induced tumors associated with deletion at GGGA sequence and associated with microsatellite
instability also constitutes another type of mutational footprint (Toyota et al., 1996). Contrary to
observations in humans, no defined mutation spectrum in the p53 gene has been identified in rats
experimentally exposed to a variety o f chemicals. However, ethionine induced hotspot mutations in
F344 rats receiving a methionine-deficient diet. C -> T transitions at site 1 o f codon 246 and G -> T
transversions at site 2 o f codon 247 were detected in seven out o f 12 rats showing hepatic
preneoplastic nodules (Tsujiuchi et al., 1997).
in vitro studies also support chemical dependent mutation spectra. For instance, synbenzo[g]chrysene 11,12-dihydrodiol 13,14-epoxide principally induced R -> T mutations at purine
bases with one or two adjacent purine nucleotides on their 5’ side in the dhfr gene o f Chinese hamster
ovary cells (Yuan et al., 1995).
Such a chemical-dependent mutation spectrum may in part explain the different mutation
spectra observed for a particular type o f human tumor. The fingerprint o f mutations may mirror the
different etiologic factors involved (Fong et al., 1997; Sills et al., 1999). Thus, a mutation spectrum, if
not pathognomonic or a signature o f the compound, gives at least some clues about it by the location
o f the mutation or its type.
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Bioselection o f mutants may contribute to the emergence o f mutation spectra observed in
tumors (Hemandez-Boussard and Hainaut, 1998). As a result, some o f the mutations present early
may not be selected, or cells bearing them may not be targeted by further genetic insults (Jonason et
al., 1996), or may be discarded by the immune system, or may not yet be clonally expanded if their
fate is to be selected (Kumar et al., 1990). Consequently, their presence in tissue would be at a low
level (2.32 x I O'5 to 3 x 10'8 as formerly mentioned) and not detectable by most standard mutation
detection techniques as reviewed below. The few available experimental data illustrate this concept.
Removal o f initiated cells is indirectly illustrated by Schulte-Hermann et al.’s study (1997), which
show the progressive disappearance o f the placental form o f glutathione S-transferase assumed to
reflect the disappearance of initiated cells. H-ras mutations detected in rat mammary tissue as early as
12 days following MNU exposure and subsequent tumor development occurring only in the presence
of estrogenic factors highlight the importance o f environmental factors in the selection o f potential
oncogenic mutations in non-neoplastic tissues (Kumar et al., 1990). (n a similar manner, p53
mutations were detected in cell lines but not in the original pancreatic hamster tumors (Erill et al.,
1996), which represent two different environmental systems. Differential selection o f initiated cells by
different environment conditions is also supported by an experiment that used different promoting
factors (Zhang et al., 1990). Zhang et al. (1990) showed that 40% (22/54) o f mammary carcinomas
induced by MNU presented with codon 12 H-ras mutations. Upon the promotion o f cancer
development by increasing prolactin level to supraphysiologic level, these authors observed an
increase in carcinoma frequency along with a decrease in the relative frequency o f H-ras mutations
found in these tumors to only 15% (17/112). The absolute number o f tumors with H-ras mutations in
each group were not significantly different while additional carcinomas following exposure to
supraphysiologic level o f the mammary tumor promoter prolactin were arising from non-ros-initiated
cells. These results support that epigenetic factors may promote different MNU-initiated cells (nonras initiated cells) to progress into carcinomas compared to MNU exposure alone.

B e l o w t h e T h r e s h o l d M u t a t io n D e t e c t io n A s s a y s
The detection o f mutation in non-neoplastic tissue requires very sensitive techniques, on the
order o f a detection limit o f at least 10~* since chemically induced mutations arise in low frequency
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(around 2.32 x 10'5 to 3 x 10'®)(Aguilar et al., 1994; Aidoo et al., 1993; Jonason et al., 1996; Smith et
al., 1995; Zhang et al., 1991). Availability o f such sensitive techniques on a routine basis would bring
significant advances in the detection o f rare tumoral cells present in feces and secretions (Hibi et al.,
1998; Nollau and Wagener, 1997) and in the detection o f rare mutated germ cells (Wilson et al.,
1999).
Numerous well-established techniques are currently available for the detection o f mutations
in tumors such as DNA sequencing following PCR amplification, single-strand conformation
polymorphism (SSCP), denaturing gradient-gel electrophoresis (DGGE) and constant denaturant
capillary electrophoresis (CDCE), and ribonuclease cleavage (Cotton, 1993). These techniques have
the advantage of screening for mutations along a selected DNA segment but their sensitivity, though
not systematically assessed, is generally limited to about 1 to 10% (Nollau and Wagener, 1997) and
further analysis is required to identify the site and type o f mutation. Allele-specific oligonucleotide
(ASO) on which DNA chips are based, allele-specific amplification (ASA), ligase detection reaction
(LDR), ligase chain reaction (LCR), and restriction fragment length polymorphism (RFLP) allow for
this identification and have been reviewed by Cotton (1992) and Nollau and Wagener (1997).
To achieve higher sensitivity, enrichment for the mutant allele is required by either negative
or positive selection. Negative selection refers to the selective destruction o f wild type alleles, which
represent the most abundant fraction, while positive selection refers to the selective amplification of
mutant alleles, which are present at low copy number (Parsons and Heflich, 1997). Numerous
techniques with variable levels o f sensitivities have been described (Parsons and Heflich, 1997). This
diversity o f available techniques with none o f them being ideal or making a significant breakthrough
as reference methods highlights the lack o f versatility o f these techniques toward different sites.
Among techniques claiming a sensitivity below 10*s are RFLP/PCR combined with cloning and ASO
(Felley-Bosco et al., 1991), MutEx/ACB-PCR (Parsons and Heflich, 1998a), CDCE coupled with
PCR (Li-Sucholeiki et al., 1999) and PCR/RE/LCR (Wilson et al., 1999). RFLP/PCR/Cloning/ASO
(Felley-Bosco et al., 1991) presented sensitivity between 10"6 and 10"* but required extensive steps
and heavy manipulations, which probably limited their further developm ent CDCE sensitivity was
assayed at 10'6, but achievement o f such low detection limit involves heavy equipment and its
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application is limited to a high copy sequence such as that found in the mitochondrial genomes (LiSucholeiki et al., 1999). Parsons and Heflich (1998a) reported sensitivity o f 10*7 for their
MuteEx/ACB-PCR assay using a mixture o f wild type and mutant type plasmids. However, this assay
has not yet been applied to genomic DNA and has been assayed at one site only (codon 61 of murine
H-ras gene). It is conceivable that this technique will not achieve such sensitivity when applied to
other sites as seen for mismatch amplification mutation assay (MAMA). Mutations at codon 12 of
murine H-ras gene were detected by Cha et al. (1996) with a sensitivity o f 10'5 using MAMA
technique, whereas this technique was unable to reach sensitivity higher than 1 in 1000 when applied
to murine H-ras codon 61 (Cha et al., 1996; Parsons and Heflich, 1998b). Interestingly, Wilson et al.
(1999) reported a sensitivity o f greater than 10*6 for three different sites (human H-ras codon 12,
human p53 codon 248 and human N-ras codon 12) with the PCR/RE/LCR mutation detection
method.
Based on this literature review, an hypothesis was made that Cotton rats, which appear as a
good bioindicator candidate, are sensitive to PAHs toxicity, and that point mutations in nonneopolastic tissues can be detected at defined sites o f the p53 gene corresponding to the DNA binding
domain o f the p53 protein (codon 110 to 292) and at one o f the well-known hotspot (codon 12) o f the
K-ras gene, which are involved in rodent carcinogenesis. PAHs, chemicals widely distributed in the
environment, present human health hazards and environmental presence and effects o f PAHs could be
monitored in the environment through Cotton rats. Detection of point mutations before development
o f neoplasia in feral Cotton rats would be a valuable biomarker at the crossroad o f biomarkers of
exposure (through the identification o f mutation spectra) and effects (through this hit that may
become part o f the multistep carcinogenic process). However, few mutation detection assays have
currently the ability to detect chemically induced mutations, whose frequency are expected around
10'5 in ras and p53 genes from normal tissues. Among the candidate techniques, PCR/RE/LCR is the
most promising.
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CHAPTER 3:
EVALUATION OF THE EFFECTS OF 2AMINOANTHRAC ENE AND
BENZ[A]ANTHRACENE IN COTTON RATS
(SIGMODON HISPIDUS)
I n t r o d u c t io n
2-Aminoanthracene and benz[a]anthracene belong to the PAH family are representatives of
aromatic amines and non-substituted PAHs, respectively. PAHs are ubiquitous in the environment.
They are naturally found in nature as a result o f forest fires, volcanic activity, crude oil seep, but the
bulk o f their presence is derived from anthropogenic activities, from industrial activity, such as
petrochemical plants and gas exhaust, to coke oven heating and food broiling (Warshawsky, 1999;
Zedeck, 1980).
Benz[a]anthracene has been detected in various media: air (Garganta et al., 1999), soils
(ATSDR, 1993), sediments (Black et al., 1981), water (Baum, 1978) and food (Sirota et al., 1983).
Benz[a]anthracene is metabolized into reactive diol epoxide metabolites by cytochrome P4S0 1A and
epoxide hydrolase upon absorption by living organisms. Peroxidase and prostaglandin H synthase can
also participate in the formation o f the diol epoxide to a lesser extent (McCord et al., 1996). The
resulting most potent reactive metabolite, 3,4-diol-1,2-epoxide follows the bay region theory (Jerina et
al., 1977). This chemical has both mutagenic (Wood et al., 1977) and carcinogenic (Levin et al., 1978)
properties. This electrophilic reactive metabolite attacks nucleophilic DNA macromolecules forming
adducts at position N2 o f guanine base and position N6 o f adenine base (Cooper et al., 1980), which
are prone to induce fixed G->T (Beland and Poirier, 1989) and A->G (Zhijun et al., 1999) inheritable
mutations, respectively, during cellular replication. Tumors have been reported after acute exposure to
benz[a]anthracene: cutaneous papillomas following topical application in mice (Slaga et al., 1974),
hepatic and pulmonary tumors after oral (Zedeck, 1980) or subcutaneous (Grover et al., 1975)
administration in mice.
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2-Aminoanthracene is found in synthetic fuels (Guerin et al., 1980). Like other compounds
o f the aromatic amine family, 2-aminoanthracene undergoes phase I and phase II metabolisms. Most
o f the phase I metabolism is probably due to cytochrome P4S0 1A activity (Carriere et al., 1992;
Lubet et al., 1989) or flavin-containing monooxygenase activity (Ziegler, 1988) resulting in the
formation o f a hydroxylamine. Prostaglandin H synthase can also result in the formation o f a radical
(Parkinson, 1996). Subsequently, a reactive nitrenium metabolite is formed by N-acetyltransferase
(Kadlubar, 1994; Parkinson, 1996) and sulfotransferase (Miller, 1994) using the hydroxylamine as
substrate in phase II reactions. Adduct formation has not been specifically investigated with 2aminoanhtracene, but the aromatic amine family is known to induce adducts at C-8 and N ' o f guanine
principally and N6 and C-8 o f adenine to a lesser extent (Beland and Kadlubar, 198S; Kadlubar et al.,
1980), resulting in point (Garganta et al., 1999) and frameshifl mutations (Zhu et al., 199S). The
mutagenic properties o f 2-aminoanthracene are well established and are used in various assays such as
the Ames test (Garganta et al., 1999). 2-Aminoanthracene induces a variety o f skin tumors in rats
(Harvey, 1991) and hamsters after topical application (Shubik et al., 1960), a high incidence o f
mammary tumors in Sprague Dawley rats after single (Griswold et al., 1966) or multiple (Griswold et
al., 1968) intragastric administrations, and also liver tumors as cited by Griswold et al. (1966). Some
species differences exist since mice are not reported to develop a high incidence o f skin tumors
contrary to rats (Harvey, 1991).
The possible use o f Cotton rats as a possible candidate bioindicators o f PAHs exposure in the
environment is based on information available throughout the literature on this species along with
practical consideration, since this species is commercially available. Cotton rats have been used in
various field studies. They have been shown to be valuable bioindicators for heavy metals,
radionuclides, DDT (Talmage and Walton, 1991) (cited), fluorides (Paranjpe et al., 1994) and PCBs
(Elangbam et al., 1991a). Surveys conducted at petrochemical contaminated sites, which include
PAHs contaminants (along with other chemicals) gave disparate results. One study using macroscopic
and microscopic lesions as endpoints highlighted the presence o f fluoride contamination but failed to
relate lesions to any PAHs (Paranjpe et al., 1994). In other studies, alterations in various parameters
(splenocyte proliferation (McMuiry et al., 1999), macrophage phagocytic activity, complement
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activity (Propst et al., 1999)) reflecting immune function disturbances have been noted. Genotoxic
effects have been reported in Cotton rats present at petrochemical waste sites (McBee and Bickham,
1988) (McBee et al., 1987). None o f these effects could be specifically attributed to the PAHs fraction
o f these petro-chemical mixtures. Nonetheless, no investigations have been reported so far under a
laboratory setting to assess the sensitivity o f these species to some selected PAHs. Cytochrome P4S0
IA induction o f Cotton rats (Qualls et al., 1998) (Henneman et al., 1994) (Elangbam et al., 1991b)
suggests that they arc able to metabolize PAHs to reactive metabolites with subsequent possible toxic
effects. However, no confirmation o f such an assumption was currently available in the literature.
The two experiments that are described in this chapter have a dual purpose. The first purpose
is to define Cotton rat sensitivity to 2-aminoanthracene and benz[a]anthracene, PAHs that were
chosen as representative o f aromatic amines and non-substituted PAHs, respectively, by macroscopic,
light microscopic examinations and hepatic enzyme profile. The second purpose is to set an
experimental animal design supporting effects o f these compounds on the to-be-defined target tissues
without development o f neoplastic lesions as assessed by histologic examination.

E x p e r im e n t a l D e s ig n
M a t e r ia l s
2-Aminoanthracene, benz[a]anthracene, DMSO were purchased from Sigma Chemical Co.
(Saint Louis, MO). /V-Methyl-/V'-nitro-/V-nitrosoguanidine (MNNG) was ordered from Aldrich (Saint
Louis, MO).

A n im a l s
Cotton rats (Sigmodon hispidus) were purchased from Virion System Inc. (Rockville, MD)
and Harlan Sprague Dawley (Indianapolis, IN), whose colony is derived from Virion System Inc.
Fischer 344 rats were obtained from the Division o f Laboratory Animal Medicine (School of
Veterinary Medicine, Louisiana State University, Baton Rouge, LA). The Institutional Animal Care
and Use Committee and the Carcinogens Use Committee (School o f Veterinary Medicine, Louisiana
State University) approved animal studies and carcinogen uses, respectively. Animals were housed
individually in wire cages for dietary exposure and polycarbonate rat boxes with laboratory animal
bedding (Bed-O’-Cobs, 1/8 inch, The Andersons, Maumee, OH) for the intra-peritoneal exposure.
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Housing conditions included a 12-hour light-dark cycle, temperature between 69°C and 74°C, ad
libitum water and diet.

Sa fet y M ea su res
Handling of all hazardous chemicals for dose preparation was performed under a fume hood
wearing personal protective equipment [laboratory coats, glasses, heavy duty nitrile or PCV gloves,
respirator (3M 6100 series) equipped with cartridges for dust, fiune and mist (3M 6003)]. Safety
precautions were also applied to animal caretakers. When entering housing o f animals receiving the
contaminated feed, head and shoe covers, protective clothing and a respirator equipped with cartridges
were required to limit the risk o f exposure. Entering housing o f animals exposed by intra-peritoneal
injection did not represent a biohazard risk as high as for the dietary exposure, minimizing personal
protective equipment to protective clothing, gloves and facultative mask.

P r e l im in a r y S t u d y : D ie t a r y E x p o s u r e o f C o t t o n R a t s
Dose Preparation
About 200 mg o f 2-aminoanthracene and 2 g o f benz(a)anthracene were weighed. These
compounds were added to a basal powdered diet (AIN-93M) kindly provided by Dr Boudreau and
prepared as described in her manuscript (Boudreau, 1998). The final concentrations o f 2aminoanthracene and benz[a]anthracene in the powdered diet were 500 and 5000 ppm, respectively.
Brown and opaque glass containers with the adulterated diets were tightly capped and sealed with
paraffin film. Diets were then rolled and shaken intermittently for 5 hours to ensure proper
homogeneous dispersion o f the chemical in the basal diet. All adulterated and unadulterated diets
were stored at -20°C in double layer zipioc bags and protected from light. Adulterated diets were
prepared weekly.
Most doses o f MNNG were prepared extemporaneously, while seven doses were stored at 70°C to indirectly assess its stability. Between 10 and 30 mg o f MNNG were weighed and adjusted to
a final concentration o f 30 mg / ml by adding the appropriate volume o f DMSO. The concentration o f
one dose o f MNNG was increased to 60 mg / ml. All doses were protected from light.
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Study Design
Total number o f animals was limited to 10 in this first step o f this animal experimentation.
Five week-old male Cotton rats were acclimated to their new environment for one week. They were
fed the basal powdered diet at least three days prior to the start o f the experiment.
Three animals received the 2-aminoanthracene adulterated diet (500 ppm) and three others
the benz[a]anthracene adulterated diet (5000 ppm) for two weeks. Three Cotton rats received MNNG
intraperitoncally (30 mg / ml in DMSO, 1 m l' Kg body weight), three times a week for two weeks.
These rats exposed to MNNG, a potent direct acting mutagen, were expected to serve as positive
controls for mutation detection in vivo in non-neoplastic tissues. Among the three Cotton rats
receiving MNNG, one was administered stored MNNG doses. Another MNNG exposed rat received a
double dose o f MNNG for the last injection. One Cotton rat served as control and received the basal
diet and intraperitoneal injection o f DMSO only (1 ml / Kg body weight). Following the two-week
exposure, all animals were fed the basal diet for three weeks. They were then euthanized. Food
consumption was recorded on a daily basis during the course o f the study. Hepatic enzymes (AST and
ALT) were measured from blood samples collected on heparin three days following the last
intraperitoneal injection for the MNNG or vehicle exposed Cotton rats. At the termination o f the
study, blood samples were collected from all rats to evaluate ALT and AST level. Cytology o f blood
cells was assessed by blood smears. Tissue samples were collected and saved for DNA extraction by
snap freezing in liquid nitrogen. Lung, liver, kidney, small intestine, pancreas, spleen, and testis were
also preserved in 10% formalin for histologic examination.

In t r a p e r it o n e a l E x p o s u r e t o

2AA in C o t t o n

and

F344 R a t s .

Dose Preparation
Pre-weighed quantities (Q) o f 2-aminoanthacene were adjusted to the concentration o f the
highest dose (Y) administered by adding an appropriate volume (V) o f DMSO (V in ml = Q/Y).
Solution was vortex. An equal volume V o f sterile water was then added and the solution was mixed.
Lower concentrations o f 2-aminoanthracene were then obtained by diluting this highest concentration
o f 2-aminoanthracene solution with a calculated amount o f DMSO in water (1 rl). Thus, administering
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the appropriate dose to each rat required injecting 2 ml / 100 g body weight o f 2-aminoanthracene
dissolved in D M SO :w ater(l:l).
Study Design
Ten F344 rats and 13 Cotton rats were exposed to intraperitoneal injection o f 2aminoanthracene, once a week for three weeks and sacrificed two weeks following the last treatment,
unless premature death occurred. All animals were acclimated for one week and fed a regular rodent
(Lab Diet 5001 Rodent Diet, PM1 Nutrition IntemationaL Brentwood. MO) during the course o f the
experiment. Ten F344 rats received a high or low dose o f 2-aminoanthracene (7.7 mg / 100 g body
weight or its 10-fold dilution, respectively, 2 ml / 100 g). Initially, 10 Cotton rats were scheduled to
be exposed to a high or low dose o f 2-aminoanthracene corresponding to 23.1 mg /100 g body weight
and its 10-fold dilution, respectively. Due to a high mortality rate among the Cotton rats, groups and
doses were reviewed during the course o f the experiment. The high doses administered to Cotton rats
were decreased by a 3-fold (7.7 mg instead o f 23.1 mg / 100 g body weight), while the low dose
remained the same. Three and four Cotton rats received these high and low doses, respectively. Four
Cotton rats were administered the vehicle only (2 ml / 100 g body weight). Rats were ordered by
weight and randomly assigned to groups. Weights o f all animals were recorded on a weekly basis. At
the time o f sacrifice, blood samples were collected in heparin tubes to obtain a hepatic enzyme profile
based on ALT and AST. Tissue samples were collected and saved for DNA extraction and snap
frozen in liquid nitrogen. Lung, liver, kidney, small intestine, pancreas, spleen, bone marrow, testis
were also preserved in 10% formalin for histologic examination.

Re su lt s
D ie t a r y E x p o s u r e o f C o t t o n R a t s
Effect o f Treatment on Food Consumption
Based on daily average, animals fed 2AA adulterated diet ate more (9.95 g / day and 10.38 g
/ day, respectively) than any other groups during and after the exposure (Figure 3.1). Contrary to all
other treatment groups, there was no increase in food consumption in the surviving Cotton rat exposed
to extemporaneously prepared MNNG. Level o f food consumption for the BaA exposed rats was
close to the level o f food consumption observed for the control ra t
83

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

130

120

•
O
▼

-

110 -

2AA 500 ppm (n=3)
BaA 5000 ppm (n"3)
Control (n = l)
Average 2AA
Average BaA
Control

<
A

i
oh
c

iu

=s
90 -

.

0-'

80 ■

a

Initial

End exposure

End study

105

100 95 ■

1

3)

•
O
▼

MNNG (n -2 )
MNNGstored (n-1)
Control (n « l)
Average MNNG
MNNGstored
Control

90 -

e

■§
u
80 -

Initial

End exposure

End study

Figure 3.1: Daily food intake from Cotton rats, two weeks per os exposure,
a: Cotton rats exposed to 2-aminoanthracene (2AA) and benz[a]anthracene (BaA). Exposure
period and post-exposure period correspond to two weeks with treatment and three weeks without
treatment, respectively.
b: Cotton rats exposed to Af-methy1-A -nitro-Af-nitrosoguanidine prepared extemporaneously
(MNNG) or stored at -70°C (MNNGstored). Exposure period and post-exposure period correspond to
two weeks with treatment and three weeks without treatment, respectively.
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Effect of Treatment on Weight Gain
Cotton rats exposed to 2AA or BaA adulterated diet gained weight as did the control rat (Figure 3.2a).
However, it appears that the increase in weight was smaller for the rats receiving the BaA adulterated
diet than for the rats fed the 2AA adulterated diet. On the other hand. Cotton rats exposed to
extemporaneously prepared MNNG lost weight during and after the period o f exposure (Figure 3.2b).
Contrary to observations made for the Cotton rats exposed to extemporaneously prepared MNNG
dose, the Cotton rat exposed to the stored MNNG doses did not display such weight loss (Figure
3.2b).
Effect of Treatment on Hepatic Enzymes
No reference biochemical values are available for Cotton rats. The average value from S
normal untreated Cotton rats was 132.8 +/-10.1 UUl for ALT and 254.2 +/- 20.8 UI/1 for AST.
The hepatic enzyme ALT and AST from 2AA and BaA-treated Cotton rats presented similar
values to the control rat (Figure 3.3). The surviving Cotton rat exposed to extemporaneously prepared
MNNG doses showed values above normal as previously determined for both ALT and AST hepatic
enzymes. This rat had a 10-fold increase in these enzymes three days after the last MNNG injection.
Blood Cytology
The animal exposed to stored MNNG presented a marked anisocytosis in erythrocyte
morphology. Blood smear examination o f all other Cotton rats was unremarkable.
Macroscopic and Light Microscopic Examination
Figures 3.4 and 3.5 present histologic alterations representative o f those found in liver and
kidney, respectively.
Livers from 2AA exposed Cotton rats showed mild to moderate hydropic degeneration and
also hepatocellular fatty change. In contrast, BaA-treated Cotton rats had no fatty change but more
severe hydropic degeneration. The control rat did not have these changes.
Kidneys o f 2AA and BaA-treated Cotton rats showed tubular dilation, tubular hyaline casts
and foci o f proximal tubule regeneration.
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Figure 3.2: Cotton rats weight, two weeks per os exposure.

a: Cotton rats exposed to 2-aminoanthracene (2AA) and benz[a]anthracene (BaA). Exposure
period and post-exposure period correspond to two weeks with treatment and three weeks without
treatment, respectively.
b: Cotton rats exposed to /V-methy1-/V -nitro-/V-nitrosoguanidinc prepared extemporaneously
(MNNG) or stored at -1€PC (MNNGstored). Exposure period and post-exposure period correspond to
two weeks with treatment and three weeks without treatment, respectively.
86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

320
300 -

AST
Average AST

0
•

280 260 240 ■

H
C/5
<

220

-

o

200

o

o

180
160 H
140

120

1--------------------------------1--------------------------1---------

2AA 500 ppm BaA 5000 ppm

Control

MNNG

MNNGstored

MNNG

MNNGstored

180

160

O
•

ALT
Average ALT

140 -

J

120 ■

3
H;
<

too

O

8
80 -

o

o
60

40

1---------------------------- 1------------------------ 1--------

2AA 500 ppm BaA 5000 ppm

Control
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a: Alanine aminotransferase (ALT)
b: Aspartate aminotransferase (ASP)
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Figure 3.4: Microscopic view o f the liver from Cotton rats exposed to benz[a]anthracene
(BaA) and 2-aminoanthracene (2AA) in the diet for two weeks,
a and b: control Cotton rat, 4X and 20X magnification,
c and d: Cotton rats exposed to 2AA 500 ppm, 4X and 20X magnification,
e and f: Cotton rats exposed to BaA 5000 ppm, 4X and 20X magnification.
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Figure 3.5: Microscopic view o f the kidney from Cotton rats exposed to benz[a]anthraccne
(BaA) and 2-aminoanthracene (2AA) in the diet for two weeks,
a: control Cotton rat, 20X magnification,
b: Cotton rats exposed to 2AA 500 ppm, 20X magnification,
c: Cotton rats exposed to BaA 5000 ppm, 20X magnification.
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The MNNG-treated rat, which died prematurely presented an area o f focal necrosis on the
testicle located on the side o f the injection and lymphocyte depletion in spleen and intestines from
possible peritonitis secondary to an inadvertent intratesticular injection.
O ther organs were within normal limits grossly and microscopically.
INTRAPERITONEAL EXPO SURE TO

2AA IN C O TTO N A N D F344 RATS.

Effect of Treatment on Survival
In this study, a high mortality rate was observed among Conon rats. All Cotton rats exposed
to 23.1 mg 2AA /100 g body weight (2/2), 33% o f the Cotton rats exposed to 7.7 mg 2AA / 100 g
body weight (1/3), 50% of the Cotton rats exposed to 2.31 mg 2AA / 100 g body weight (2/4) and
25% o f the Cotton rats receiving the vehicle (1/4), DMSO in water 1:1, died, usually within 24-48
hours following intraperitoneal exposure. On the other hand, none o f the F344 rats died.
Effect o f Treatment on Weight Gain
Figure 3.6a presents the average body weight o f Cotton rats exposed to 2AA at two different
doses (7.7 mg / 100 g and 2.31 mg / lOOg body weight) along with the negative control. Weight
curves o f Cotton rats exposed to the low dose o f 2AA and unexposed nearly overlap. Although the
initial average body weight was lower in Cotton rats exposed to high dose o f 2AA compared to the
other groups, the mean body weight o f all groups reached similar values at the termination of the
study. This corresponds to higher weight gain in the Cotton rats receiving 2AA at high dose,
particularly after the third 2AA injection. On the other hand, F344 rats, whose initial mean weights
were similar between the 2 doses o f exposure presented a smaller weight gain when exposed to the
high dose o f 2AA compared with the low dose (Figure 3.6b).
This difference in response to 2AA between Cotton rats and F344 rats is confirmed by
observing the weekly percentage growth pattern in Cotton rats and F344 rats (Figure 3.7). In F344 rats
exposed to low 2AA dose, the weekly percentage growth decreased progressively, whereas F344 rats
exposed to high 2AA dose had a more pronounced decrease in % growth during the 3 weeks exposure
followed by an increase in % growth during the recovery period. On the opposite, Cotton rats exposed
to the same high 2AA dose presented an increase, particularly after the third injection followed by a
decrease in % growth.
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Figure 3.6: Weight o f Cotton rats and F344 rats exposed to one weekly injection o f 2aminoanthracene (2AA) intraperitoneally for three weeks (week 0 to week 2) and sacrificed three
weeks later (on week S).
a: Cotton rats exposed to 2AA (7.7 mg or 2.31 mg o f 2AA /1 0 0 g o f body weight),
b: F344 rats exposed to 2AA (7.7 mg or 0.77 mg o f 2AA / 100 g o f body weight).
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a: Cotton rats exposed to 2AA (7.7 mg or 2.31 mg of2A A /1 0 0 g o fb o d y weight),
b: F344 rats exposed to 2AA (7.7 mg or 0.77 mg o f 2AA / 100 g o f body weight).
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Effect o f Treatment on Hepatic Enzymes
ALT and AST averages for each group are shown in Figure 3.8. There was no dosedependent elevation in hepatic enzymes in Cotton rats or F344 rats.
Macroscopic and Llight Microscopic Examination
Tissues from surviving Cotton rats and all F344 rats underwent microscopic examination.
Tissues from Cotton rats that died during the course of the study were also examined. However, post
mortem changes were visible in most o f these animals, which were not euthanized but found dead.
Lesions observed in these 2AA-treated and control animals (three and one, respectively) that
died within 48 hours following intraperitoneal injection included gastric ulceration cicatrisation,
splenic lymphoid necrosis, bone marrow depletion of white and red cell lines, fat saponification
within the abdominal cavity. Such lesions are compatible with peritonitis with secondary stress.
Control Cotton rats sacrificed after the 3-week recovery period had proximal tubule
regeneration, mild tubule dilation and red blood cell casts in their kidney and mild hydropic
degeneration in the liver. The renal lesions were also present in 2AA-treated rats to a lesser extent and
mild to moderate hydropic degeneration was also found in their liver (Figure 3.9).
Three out o f the 5 F344 rats exposed to the high dose o f 2AA had generalized hepatic
nodular hyperplasia, bile duct hyperplasia, and clear and mixed cell foci. One o f these three F344 rats
had one hepatic adenoma (Figure 4.9). Such microscopic lesions matched a net nodular hepatomegaly
macroscopically in these animals. All remaining F344 rats had very mild hydropic degeneration and
rare foci o f proximal tubule regeneration.
Other organs were within normal limits grossly and microscopically.

D is c u s s io n
PAHs derived from natural sources or domestic and industrial anthropogenic activities are
ubiquitous in our environment. An estimate o f 1300 tons o f benzo[a]pyrene is released annually in the
USA atmosphere (Grimmer and Pott, 1983). Numerous animal studies highlight the carcinogenicity o f
this class o f compounds, either unsubstituted PAHs (ATSDR, 1993) (Warshawsky, 1999) or primary
aromatic amines (Griswold et al., 1966) (Griswold et al., 1968) (Pitot and Dragan, 1996).
Epidemiologic studies among occupationally exposed populations ascertain the negative effects o f
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F igure 3.8: Hepatic enzyme activity from Cotton rats and F344 rats exposed to one weekly
injection o f 2-aminoanthracene (2AA) intraperitoneally for three weeks (week 0 to week 2) and
sacrificed three weeks later (on week 5). Cotton rats were exposed to 7.7 mg or 2.31 mg o f 2AA /100
g o f body weight and F344 rats were exposed to 7.7 mg or 0.77 mg o f 2AA / 100 g o f body weighL
a: Alanine aminotransferase (ALT)
b : Aspartate aminotransferase (ASP)
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Figure 3.9: Microscopic view o f livers from rats exposed to 2-aminoanthracene intraperitoneally.
a and b: control Cotton rats (DMSO in H 20 1:1 dilution),, 4X and 10X magnification,
c and d: Cotton rats (7.7 mg 2AA /1 0 0 g body weight), 4X and 10X magnification,
e and f: F344 rats (7.7 mg 2AA /1 0 0 g body weight), 4X and 20X magnification.
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these compounds on humans: bladder cancer in workers from the dye industry (Pitot and Dragan,
1996), lung cancer in gas or coke oven workers (Doll et al., 1972) (Guerin, 1978). On the other hand,
limited data (Perera et al., 1999) are available on the proven effects o f PAHs on the general
population. Animals have long been used as bioindicators for chemicals present in the environment
(Talmage and Walton, 1991) and as sentinels o f potential (LeBlanc and Bain, 1997) (Moutou and
Joseph-Enriquez, 1991) or recognized (van der Schalie et al., 1999) (Takeuchi et al., 1977) human
health hazards from chemicals.
The first purpose o f the two studies described in this chapter was to assess the value o f
Cotton rats (Sigmodon hispidus) as a candidate bioindicator for PAHs contamination using 2aminoanthracene and benz[a]anthracene as representative compounds o f primary aromatic amines and
non-substituted PAHs, respectively, by macroscopic, light microscopic examinations and hepatic
enzyme profile. The second purpose was the setting o f an experiment supporting effects o f these
compounds on the to-be-defined target tissues without development o f neoplastic lesions as assessed
by histological examination and using VfNNG, a potent direct acting mutagen in numerous species as
positive control for the mutation selection assay under development
Both studies involved limited numbers o f animals: the per os exposure because it was a
preliminary study, the intraperitoneal exposure because o f high mortality.
Storage o f pre-prepared doses o f MNNG resulted in a pattern o f response different from the
response obtained

with

extemporaneously prepared

MNNG

doses.

Animals exposed

to

extemporaneously prepared doses o f MNNG did not increase their food intake after exposure and lost
weight, whereas the animal receiving the stored doses ate a higher quantity o f food and gained weight.
Moreover, the animal receiving stored doses o f MNNG was the only one displaying erythrocyte
anisocytosis, an alteration in red blood cells morphology frequently observed in regenerative anemia.
MNNG half-life is short and MNNG is degraded in 70 min in solution (Blas-Machado, 1998). It
appears that the storage o f MNNG at -70°C does not favor its stability either. Storage o f MNNG in
DMSO seems to induce some changes in chemical properties o f the solution that resulted in a
different biological effect.
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The control rat from per os exposure experiment received both the control diet and the
control vehicle intraperitoneally (DMSO at 1 ml / Kg equivalent to I g o f DMSO / Kg, three times a
week for 2 weeks). DMSO injected six times a week for four weeks up to 2 g / Kg / injection did not
affect weight gain of female and male Carworth CFN rats (Willson et al., 196S). Thus, the weight gain
o f the control rat from the per os exposure can be considered normal.
The occurrence of death in Cotton rats receiving intra-peritoneal injection could be attributed
to the vehicle DMSO since mortality was observed in all groups: treatments and control. In this
experiment, the DMSO solvent was administered at a dose o f 10 g / 100 g body weight, diluted with
50% sterile water. This dose was an order o f magnitude higher than the dose o f DMSO given to the
rats exposed to MNNG. Mortality has been reported after two weeks o f DMSO treatment in male
Carworth CFN rats exposed to 8 g o f pure DMSO / Kg, 6 times a week (Willson et al., 1965). In male
Cotton rats from the intraperitoneal study, death occurred after the first or second injection only o f
DMSO, although DMSO was diluted in water to prevent the occurrence o f exothermic reaction in vivo
that takes place when DMSO is in contact with an aqueous solution. The heat is believed to be
responsible for the irritating effects o f undiluted DMSO (Willson et al., 1965). It is noteworthy to
mention that none o f the male F344 rats administered 2AA dissolved in DMSO in a similar manner as
for the Cotton rats developed these undesirable reactions to DMSO 50% in water. Thus, Cotton rats
appear more sensitive than other rat strains to the effect o f diluted DMSO.
This unexpected reaction to DMSO in Cotton rats makes the interpretation o f the effects o f
2AA injected intraperitoneally more difficult. However, when taking into account both per os and
intraperitoneal experiments, some interesting effects emerge.
Although the average initial weights o f treated Cotton rats were similar for each group,
Cotton rats exposed for two weeks to 500 ppm o f 2AA ate more than any other group. This is in
contrast to the decrease in food consumption reported for F344 rats exposed to 100 and 1000 ppm of
2AA for two weeks (Boudreau, 1998). Cotton rats fed 5000 ppm o f BaA for two weeks presented a
similar level o f food consumption as the control ra t Once more, this observation contrasts to the
decrease in food consumption observed in F344 rats exposed to 1000 ppm o f BaA for two weeks
(Boudreau, 1998).
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In a similar manner, F344 rats exposed to 100 ppm o f 2AA for two weeks presented
significant lower weight gain compared to control rats, whereas rats exposed to 1000 ppm o f 2AA for
two weeks lost weight. Such weight alterations were not observed in Cotton rats from the per os
study. Cotton rats fed S00 ppm 2AA for two weeks gained weight in a similar manner as the control
rat. F344 rats exposed to 1000 ppm o f BaA for two weeks to 80 days did not present any weight gain
alteration compared to controls (Boudreau, 1998). In the Cotton rat feeding study, weight gain o f
BaA-treated Cotton rats appeared to be lower than that for the control rat. This decreased weight gain
in Cotton rats receiving the BaA-adulterated diet for two weeks may represent BaA toxicity at 5000
ppm but could be attributed to the low number o f animals.
More evidence o f the differential effect o f 2AA on F344 and Cotton rats weight gain arise
from the experimental exposure to 2AA by intraperitoneal injection. During the exposure, the percent
weight gain in Cotton rats exposed to 7.7 mg / Kg o f 2AA increased, whereas this parameter
decreased in F344 rats exposed to a same dose. As a result, the percentage weight gain in the high
dose treated Cotton rats was higher compared to the control group (34.55% versus 26.89%). In F344,
the opposite was observed: male F344 rats exposed to 7.7 mg 2AA / Kg presented significant lower %
weight gain compared to the group receiving a 10 fold tower dose (this study) and the control group
(Dr Baker et al., unpublished data), suggesting once more a decreased toxicity o f 2AA on Cotton rat
species.
In F344 rats, exposure to 1000 ppm o f 2AA but not to 1000 ppm o f BaA resulted in a
statistically significant increase in ALT, indicating signs o f hepatocellular damage and toxicity
(Boudreau, 1998). No significant changes in hepatic enzymes were observed in the Cotton rats.
However, Cotton rats were allowed to recover for three weeks following the exposure, possibly
allowing repair from earlier liver damage and return o f previous elevated ALT to normal level, which
takes about two or three weeks (Duncan et al., 1994). It is also possible that the 500 ppm exposure
dose was not high enough to induce any increase in circulating hepatic enzymes. Surprisingly and
contradictory to the per os exposure, no elevation in hepatic enzymes was detected in F344 rats
exposed to 2AA intraperitoneally compared to the vehicle control, although hepatic nodular
hyperplasia, foci and adenoma were observed. This could represent DMSO toxicity on the liver o f
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F344 rats. Renal and hepatic lesions have been reported following repeated exposures to DMSO
(Hodgson et al., 1998).
Similar but milder histological changes to those described in the livers of the 2AA and BaA
treated Cotton rats exposed per os were reported by Boudreau M. (1998) in 2AA-treated, BaA-treated
and unexposed F344 rats. However, the control Cotton rat had none o f these mild hepatic alterations.
The renal lesions described in the kidneys of 2AA and BaA per os-treated Cotton rats (tubular
dilation, tubular hyaline cast and foci o f proximal regeneration) have been reported in normal Cotton
rats (Faith et al., 1997). However, control rat had no tubular dilation, casts and less proximal tubule
regeneration, suggesting that liver and kidneys may be target organs. These lesions were present to
some extent in all Cotton rats (controls and 2AA treatment) from the 2AA intraperitoneal study. This
second experiment testing 2AA toxicity in Cotton rats did not confirm liver and kidney as possible
targets. Nonetheless, it is possible for DMSO to induce similar lesions as those induced by 2AA and
BaA. The most striking feature after intraperitoneal exposure to 2AA was the presence o f hepatic
nodular hyperplasia, mixed and clear cell foci and adenoma in F344, whereas no Cotton rats had such
lesions. Once more, it can be argued that DMSO may alter the response o f Cotton rats to 2AA. DMSO
has been reported to attenuate the toxicity o f acetaminophen, diphenylamine and N-(3,5dichlorophenyl)succinimide, possibly by interfering with the activity o f one organ specific isozyme o f
P4S0 (probably P4S0 2E1, the ethanol-inducible isozyme) (Rankin et al., 199S) (Arndt et al., 1989).
This is unlikely to occur for 2AA since aromatic amines are not metabolized by P4S0 2E1 and since
DMSO induced-alteration in the activity o f other P4S0 isozyme or DMSO radical scavenging would
be expected to prevent hepatic lesions in both Cotton rats and F344 rats. Moreover, histologic
examination o f 2AA-treated and control Cotton rats that died within two days after injection revealed
that DMSO induces peritonitis with stress resulting in lymphoid and bone marrow depression.
Peritonitis has been observed in rats following intraperitoneal injection o f pure DMSO at 5 g/Kg/day
for 12 days (Watson et al., 1985). The authors related the observed immunosuppression (assessed by
suppression o f autoimmunity) to the toxic dose o f DMSO. Stress-related immunosuppression is a
well-documented event in numerous animal species (Vogel and Bower, 1991). It results in decreased
cellular immunity through a decrease in cytotoxic T cells, natural killer cells, helper-inducer T cells
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and macrophages (Ogawa et al., 2000) (Vogel and Bower, 1991), which are involved in
immunosurveillance. Immunosuppression is considered to favor the emergence and growth o f
neoplastic lesions (Elmets et al., 1998) (Gallo et al., 1993) (Cotran et al., 1999). Thus, it can be
expected that the undesired effect o f DMSO (2 ml /1 0 0 g, SO % in H20) on Cotton rats would favor
neoplastic lesion appearance instead o f their prevention. As a result, it seems unlikely that the
differential effect o f 2AA on Cotton rats versus F344 rats can be attributed to the vehicle (DMSO) but
rather to inherent species differences in 2AA activation between Cotton rats and F344 rats.
The systemic toxicity and hepatic carcinogenicity o f 2AA in Cotton rats appears lower than
in F344 rats as assessed by food intake, weight gain and microscopic examination, respectively.
Interestingly, no liver damage or hepatic neoplasia was

found

in Cotton rats fed 2-

aminoacetylfluorene (2AAF) for 18 months (Miller and Miller, 1955). 4-Dimethylaminoazobenzene
(DAB), an azo dye inducing liver tumor in mice and bladder cancer in dogs, was not
hepatocarcinogenic in Cotton rats (Gamer et al., 1984). Observations on 2AA in Cotton rats from the
experiments described this chapter extended the early observation o f 2AAF and DAB lack o f
carcinogenicity to another member o f the aromatic amine family. Nonetheless, 2-aminoanthracene is
known as a potent carcinogen in other species. It induces a variety o f skin tumors in rats (Harvey,
1991) and hamsters after topical application (Shubik et al., 1960). A high incidence o f mammary
tumors in Sprague Dawley rats, which are fast acetylator, has been reported after single (Griswold et
al., 1966) or multiple (Griswold et al., 1968) intragastric administrations o f 2-aminoanthracene, and
liver tumors have been observed (Griswold et al., 1966).
Reasons for the lack o f 2AA toxicity in Cotton rats have not been investigated here but
assumptions can be made. It is unlikely that a difference in absorption is involved since both per os
and intraperitoneal exposure seem to support 2AA lack o f toxicity in Cotton rats. Differences in
metabolic pathway are appropriate assumptions since such variations are responsible for
polymorphism observed within species and susceptibility differences encountered between species.
Cotton rats have been shown to present P4S0 IA activity (Schut and Thorgeirsson, 1978) (Qualls et
al., 1998). P4S01A2-catalysed N-hydroxylation is generally accepted as the initial activation reaction
o f 2AA yielding 2-hydroxylamine, a proximate carcinogen (Carriere et al., 1992; Lubet et al., 1989).
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Thus, Cotton rats should be able to activate aromatic amines into hydroxylamines. This is supported
by results from Schut et al. (1978) using Cotton rat sub-cellular liver fractions and 2AAF as substrate
in vitro. However, although P450 1A is induced in vivo at lower dose o f PCBs mixture in male Cotton
rats compared to male F344 rats, the magnitude o f the increase is lower and P4S0 1A activity plateaus
at a lower dose o f PCBs mixture for Cotton rats (Henneman et al., 1994) (Lubet et al., 1991). Thus,
formation o f proximate carcinogen, which is the rate-limiting step, may be lower in Cotton rats than
in F344 rats, offering less substrates for phase H enzymes involved in the formation o f the ultimate
carcinogen (N-acetyltransferase, sulfotransferase). An alternative explanation would be by xenobioticinduced inactivation of P4S0 o f Cotton rat P4S0. For instance, a mechanism-based inactivation o f
P450 1A is triggered by 2AA in Channel catfish (Watson et al., 1995). Though such mechanismbased inactivation has not been reported with any other compound nor animal model, a similar action
o f 2AA on Cotton rat P450 1A2 would explain the observed lack o f 2AA toxicity in this species.
Another possible explanation would be the presence o f N-acetyltransferase with a lower activity in
Cotton rats than in F344 rats. Differences in N-acetyltransferase capability have been observed in
various species including humans, hamster, mice, rabbit (Kato and Yamazoe, 1994) and different
strains o f rats, F344 rats having a fast acetylator phenotype (Hein et al., 1991). The status o f the
polymorphic allele o f N-acetyltransferase is unknown in these inbred Cotton rats so that it cannot be
ruled out that they present an intermediate or slow acetylator phenotype. However, Schut et al (1978)
reported in their in vitro study that N-acetyltransferase o f Cotton rats liver cytosol is more active than
that o f Sprague-Dawley rat, a rat strain considered as fast acetylator (Hein et al., 1991). Finally, a
higher level o f detoxifying enzymes in Cotton rats than in F344 rats would also offer a satisfactory
explanation. For instance, guinea pigs are resistant to 2AAF hepatocarcinogenicity because o f a high
level o f detoxifying enzyme in their liver (Gamer et al., 1984) (although their resistance to 2AAF
hepatocarcinogenicity has previously been related to a deficiency in N-hydroxylation) (Schut and
Thorgeirsson, 1978). The observation that N-hydroxy-aminoacetylfluorene deacetylase activity in
subcellular liver fraction from Cotton rats is three fold higher than for Sprague-Dawley rats, a rat
strain particularly sensitive to 2AAF carcinogenicity (Schut and Thorgeirsson, 1978), supports this
assumption. Rapid deacetylation o f acetylated aromatic amines by microsomal arylacetamide
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deacetylase may prevent the formation o f reactive nitrenium ions (Probst et al., 1994) but the
importance o f deacetylase in the activation / deactivation pathways is not so clear since deacetylation
may also occur at different levels o f aromatic amines metabolism (Probst et al., 1994) (Swaminathan
and Hatcher, 1992) (Lower and Bryan, 1976). Additional in vivo studies would be necessary to better
pinpoint the metabolic pathway responsible for the lack o f sensitivity o f Cotton rats to aromatic amine
carcinogenicity.
The low number o f animals, which prevents generation o f statistically meaningful data,
limits the interpretation o f these preliminary studies. Nonetheless, based on descriptive data, it
appears that Cotton rats’ sensitivity to 2AA toxicity and carcinogenicity was less than those o f F344
rats, whereas toxicity o f BaA appears to be low as assessed by food intake, weight gain and
microscopic examination. More extensive and identical experiments were not conducted because it
was not considered worthwhile in terms o f time, money and ethics to expose additional animals.
Simultaneously, the experiment described in this chapter using extemporaneously prepared doses of
MNNG offer a model for detection o f chemical-induced point mutation in non-neoplastic tissues,
fulfilling our dual objectives.
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CHAPTER 4:
RESEARCH AND DEVELOPMENT OF
PCR/RE/LCR
I n t r o d u c t io n
Exposure to carcinogens induces tumor development through the accumulation of genetic
alterations (point mutations predominantly) in genes involved in cell cycle control, apoptosis and
DNA repair. Humans are living in a sea o f carcinogens and it is difficult to assess significant
differences in tumor induction by epidemiological studies due to the multiple confounding factors. In
environmental sites known or suspected to be polluted, fish have displayed increased prevalence of
tumors (Brown et al., 1973). No report of tumor occurrence has been made in any terrestrial species,
thus highlighting the need for other endpoints as biomarkers in candidate bioindicators such as the
Cotton rat (Sigmodon hispidus). Development o f altered hepatic foci and mutations in genes involved
in the carcinogenesis process such as ras and p53 genes have been proposed as early biomarkers of
carcinogenicity (LeBlanc and Bain, 1997). Since mutations precede tumor development, detection o f
a mutation in exposed feral animals would be a valuable biomarker. Since certain chemicals leave an
indicative mutation spectrum such as G->A transitions for nitrosamines and G->T transversions for
polycyclic aromatic hydrocarbons, this endpoint would be at the crossroad o f potential effects and
possible exposure determination.
Detection o f mutations in reporter genes (hprt or dfr genes for instance) by phenotypic
selection are commonly used in experimental chemical exposure under laboratory conditions.
Chemically induced mutation frequency based on such experiments provides approximatively 3 and 5
x 10~* mutation / nucleotide / cell in F344 rats exposed to 1,6 dinitropyrene (Smith et al., 199S; Smith
et al., 1997) and ENU (Aidoo et al., 1993; Smith et al., 1995). However, mutation frequency in
reporter genes may not reflect initial mutation frequency in genes involved in the carcinogenesis. The
frequency o f initiated mammary cells at codon 12 o f the H-rar gene was experimentally quantified as
2.32 x 10'5 following MNU exposure in rats (Zhang et al., 1991). In humans, mutation frequency was
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estimated between 10"6 and 10‘2 at a particular codon o f p53 in normal skin exposed to UV light
(Jonason et al., 1996) and between 10'7 to 1.84 x 10'5 at p53 codon 249 in human normal liver from
individuals exposed to aflatoxin B1 (Aguilar et al., 1994).
K-rar is a protooncogene frequently mutated at hotspots such as codon 12 in both humans
and rats. K-ror c l2 mutations in rats have been found in liver tumors induced by aflatoxin B1 (Soman
and Wogan, 1993) and methyl(acetoxymethyl)nitrosamine (Watatani et al., 1989), in renal
mesenchymal tumors induced by Ni3S2Fc (Higinbotham ct al., 1992) and methylnitrosourca (MNU)
(Calvert et al., 1996), in colonic tumors induced by azoxymethane (Shivapurkar et al., 1994) and
dimethylhydrazine (Jacoby et al., 1991; Llor et al., 1991), in thyroid tumors induced by N-bis(2hydroxypropyl)nitrosamine (Kitahori et al., 1995), in lung tumors induced by diesel exhaust, carbon
black

(Swafford

et

al.,

1995),

dinitropyrenes

(Smith

et

al.,

1997),

N-nitrosobis(2-

hydroxypropyI)nitrosamine (Kitada et al., 1996) and tetranitromethane (Stowers et al., 1987), in
intestinal and soft tissue tumors induced by MNU (Matsumoto et al., 1997) and in Zymbal gland
tumors induced by 2-amino-3-methyIimidazo[4,5-f]quinoline (IQ) (Takahashi et al., 1993).
p53 is a tumor suppressor gene frequently mutated in human tumors. The wild type protein
has multifunctional properties in response to DNA damage: cell cycle arrest, apoptosis and
participation in DNA repair (Hainaut and Hollstein, 2000). All codons (but codon 123) from the DNA
binding domain have been reported mutated. Although p53 plays a key role in human carcinogenesis,
its importance in rat carcinogenesis is not as well defined. Numerous studies did not isolate p53
mutations in chemical-induced rat tumors. Nonetheless, high frequencies o f pS3 mutation, including
mutation at codon 179, were detected in MNU-induced rat tumors (squamous cell carcinomas from
forestomach, intestinal adenocarcinomas and sofl tissue sarcomas) (Matsumoto et al., 1997) and in
MNBA-induced esophageal papillomas (Lozano et al., 1994; Wang et al., 1996) and in formaldehydeinduced nasal squamous cell (Recio et al., 1992). Mutations in the pS3 gene were also identified in
vinyl

chlorine-induced

hepatic

angiosarcomas

(Barbin

et

2acety!aminofluorene and 2-acetylaminofluorene (Ho et al.,

al.,

1997),

in

N-nitroso-

1995) and tamoxifen-induced

hepatocellular carcinomas (Vancutsem et al., 1994), and in preneoplastic hepatic nodules from rats
exposed to ethionine and receiving a methionine-deficient diet (Tsujiuchi et al., 1997).
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EC-ros- and p53 genes were selected as endpoints for mutation detection because of their
important role in the tumorigenic process.
Detection o f initiated mutated cells at codon 12 o f K-ras and at any codon o f pS3 from non
neoplastic tissues requires genotypic selection assays with sensitivity o f at least I O'6 since chemicalinduced mutation frequency is expected in the order o f 10'5 in histologic normal tissues. Techniques
able to achieve such sensitivity are scarce. RFLP/PCR combined with cloning and ASO (FelleyBosco et al., 1991), MutEx/ACB-PCR (Parsons and Heflich, 1998a), CDCE coupled with PCR (LiSucholeiki et al., 1999) and PCR/RE/LCR (Wilson et al., 1999) fulfill this high sensitivity criteria.
Noteworthy, PCR/RE/LCR assay does not require heavy equipment contrary to CDCE coupled with
PCR. Contrary to MutEx/ACB-PCR and RFLP/PCR/Cloning/ASO assays, PCR/RE/LCR sensitivity
has been assessed for 3 different sites: human H-ror codon 12, human p53 codon 248 and human Nras codon 12. All PCR/RE/LCR assays reached the desired sensitivity. Moreover, the LCR step
allows for the determination o f the type of selected mutation. Thus, PCR/RE/LCR appears an
attractive technique for mutation detection at specific sites o f K-ras and p53 genes from Cotton rats.
Its development will be discussed in this chapter.

Ma t e r ia l s and M e t h o d s

DNA

E x tra c tio n

Genomic DNA was isolated by proteinase K digestion, phenol/chloroform extraction
followed by ethanol precipitation. Quantification o f DNA was performed by UV spectrophotometry
using the absorbance at 260 nm. Quality o f the extraction and the genomic DNA was controlled by
the calculation o f A260/A280 ratio (Strauss, 1998).

C o t t o n R a t p53 E x o n 5 G ene O b te n tio n
The sequence o f the pS3 gene o f Cotton rats was obtained from Genbank, accession number
U66066. The sequence shown in Figure 4.1 encompasses most o f exon 5 (the first 25 nucleotides are
not identified), intron 5 and part o f exon 6.
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1

CTGGCCAGCT

GGCAAAAACA

TGCCCTGTGC

AGCTGTGGGT

CAGCTCCACA

51

CCTCCACCTG

GCTCCCGAGT

CCGTGCCATG

GCCATCTACA

AGAAGTCCCA

101

GCACATGACA

GAAGTTGTAA

GACGCTGCCC

CCACCACGAG

CGCTGCTCCG

151

ATGGTGATGG

TGAGCACTCG

GGGCTGGCTG

TGTGTGGGAT

TAGAACCGGC

201

TACCTGGCGT

CTTCCAGCCT

CTGACATTCC

TGGCTGTTCT

TAGGCTTAGC

2 51

TCCTCCTCAT

CATCTCATCC

GAGTGGAANG

AAATCTGCGT

GCGGAGTATT

301

TGGATGACAA

GCAGACTTTC

CGGCACAAGT

GTGGTGGTAC

CTTNTNAACC

351

NNCNGAGA

Underlined letters correspond to exon 5 and 6.
Bold letters correspond to codon 173 and 179.

Figure 4.1: S’ to 3' sequence o f exon 5 to 6 o f p53 gene from Sigmodon hispidus (Genbank,
U66066).

C o t t o n Ra t K-/ m s E x o n 1 S e q u e n c in g
Exon 1 from the K-ras gene o f Cotton rats was not available through Genbank and required
sequencing. A 159 base pair (bp) PCR product encompassing exon 1 o f the K-ras gene was obtained
using rodent-specific primer and Sigmodon hispidus genomic DNA as template. These primers were
obtained from a published article (Erill et al., 1996). The forward primer annealed intron 0, whereas
the reverse primer overlapped the end of exon 1. Primer characteristics and amplification conditions
are summarized in Table 4.1. Primers and all oligonucleotides described below were obtained from
Bioserve Biotechnologies (Laurel, MD) and from an intramural source (LSU Veterinary Medical
School, Gene Lab, Baton Rouge, LA). Melting temperatures o f the primers were calculated with the
help o f Oligo software (v.5.0, National Biosciences Inc, Plymouth, MN). The 159 bp PCR product
was subsequently cloned in a vector and sequenced by Bioserve Biotechnologies (Laurel, MD).

Table 4.1: Rodent-specific primer for amplification o f exon 1 of K-ras gene from Cotton rat.
Primer name

Sequence 5’ -> 3’

Length

Tm

PCR conditions

R-KrasIOU

GTTCTAATTTAGTTATATTT

20

42.5 °C

94 °C, 40 °C and 72 °C

R-KrasIlL

CTATCGTAGGATCATATTCA

20

52.7 °C

for 1 ran each, 40 cycles.

Ill
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S e a r c h f o r P o s it iv e M u t a n t C o n t r o l
Ideally, a positive control would consist o f Cotton rat genomic DNA mutated at the position
o f interest. Unfortunately, such positive controls were not available in this species.
The dessign o f the selection procedure (PCR / RE) for point mutations at base sites 1 or 2 o f
K-ras codon 12 from Sigmodon hispidus is similar to the selection procedure set up for Rattus
norvegicus (Wilson V.L., unpublished data). Only the forward primers differ. These two forward
primers are not the critical ones since they do not create the restriction site. The detection assay (LCR)
is identical for both species. Thus, the difference in design was not expected to affect the sensitivity o f
the assay tremendously. Since numerous carcinogenic studies have involved Fischer 344 rats, a search
for tumors bearing K-ras mutated alleles at codon 12 nucleotide site 1 or 2 was conducted.
Unfortunately, no source o f genomic DNA from those tumors was identified even after a worldwide
search.
Therefore, man-made positive controls were next considered by creation of plasmids bearing
the desired sequence.

C r e a t io n o f P l a s m id S t a n d a r d s
Wild-type and mutant standards were created for the K-ras gene codon 12 base site 2 and
p53 gene codon 179 base site 2 using a set of primers for each and Cotton rat genomic DNA as
template. Primer sequences are given in Table 4.2 and PCR conditions as described in Table 4.3.
PCR products were obtained with 1 unit o f Taq DNA polymerase under the PCR conditions
described above. All reactions contained 0.2 mM dNTPs and IX PCRII buffer (Perkin-Elmer, Foster
City, CA). The PCR products were excised from a 1.3% Nusieve GTG gel (FMC Bioproducts,
Rockland, ME) using a film o f saran wrap to overlay the transilluminator and a clean scalpel blade for
prevention o f PCR product contamination. The PCR product was extracted from the slice o f gel with
QIAquick Gel extraction kit (QIAGEN Inc, Valencia, CA) following the manufacturer recommended
procedures. Elution o f the DNA from the QIAGEN column was performed with 3S pi o f HPLC water
(JT Baker, Phillipsburg, NJ) filter-sterilized with a 0.2 pm membrane UNIFLO-25 (Schleicher and
Schuell Inc, Keene, NH)
and adjusted with NaOH 10~2 N to pH= 8-8.5. The eluted purified PCR product was then quantified on
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Table 4.2: Primer description for creation of the PCR insert.
Name

5’ -> 3’ Sequence

Length

Tm

CRKrasElA

GTTCTAATTTAGTTATATTTTTATTAT

40

60 °C

29

63°C

64

86 °C

98

>95°C

TTTTATTATAAGG
TATTCATCCACAAAGTGATTCTGAATT

CRKrasc 12s2PCR/RE/LCRWtR

AG
TATTCATCCACAAAGTGATTCTGAATT

CRKrasc 12s2PCR/RE/LCRStdAR

AGCTGTATCGTCAAGGCACTCTTGCCT
ACGCCATCAG

CRp53c 179s2MtTPCR/RE/LCRStdR

GCCAGGAATGTCAGAGGCTGGAAGACG
CCAGGTAGCCGGTTCTAATCCCACACA
CAGCCAGCCCCGAGTGCTCACCATCAC
CATCGGAGCAGAGCTCG

CRp53c 179s2PCR/RE/LCRStd

GTCAGCTCCACACCTCCACCTG

22

68°C

CRp53E5BR

GAACAGCCAGGAATGTCAGAGG

22

68 °C

Table 4.3: PCR conditions for creation o f each insert.
Standard
Gene

Type

Primer

PCR conditions

p53 E 5 c l7 9 s2

Wild type

CRp53cl 79s2PCR/RE/LCRStd

1.25 or 2.5 mM MgClj, 35 cycles,

201 bp

CRp53E5BR

94°C, 68°C, 72°C for 1 mn each

Mutant type

CRp53c 179s2PCR/RE/LCRStd

2.5 mMMgCt;, 35 cycles,

224 bp

CRp53cl 79s2MtTPCR/RE/LCRStdR

94°C, 68°C, 72°C for 1 mn each

Wild type

CRKrasElA

1.25 or 2.5 mM MgClj, 35 cycles,

145 bp

CRKrasc 12s2PCR/RE/LCRWtR

94°C, 59°C, 72°C for 1 mn each

Mutant type

CRKrasElA

1.25 or 2.5 mM MgCI* 35 cycles,

145 bp

CRKrasc 12s2PCR/RE/LCRStdAR

94°C, 58°C, 72°C for I mn each

K-ras El c l2 s 2
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a 3% gel prepared with 1/4 Seakem GTG and 3/4 Nusieve GTG. To do so, lx and 2x pi (x=4 pi or
x=5 pi) o f the eluted product were loaded on the gel along with 2 and 4 pi of low mass 100 bp DNA
ladder (GIBCO BRL, Grand Island, NY). PCR product concentration was then estimated by
comparing the intensity o f the PCR band to the known amount in the DNA ladder bands. The eluted
PCR product was then cloned using TA cloning TOPIOF’ One sh o tTM Kit (Invitrogen, Carlsbad, CA)
according to the manufacturer conditions. Recommended temperature for ligation was 14°C.
However, ligation was performed at room temperature in some cases. Transformation and bacteria
seeding procedures were conducted according to the manufacturer’s recommendations. Ampicillin
was used as the antibiotic for positive selection o f the transformed colonies. White colonies, which
should contain the insert disrupting the lacZ gene were selected and further grown in 5 ml o f
ampicillin-supplemented LB broth for no more than 12 hours. Some white colonies with pale blue
center were also collected because o f possible leaky expression or partial disruption o f the
galactosidase gene due to the small size o f the inserts (PCR product 145, 201 or 224 bp). Plasmids
were isolated from each colony using QIA prep spin Miniprep Kit (QIAGEN Inc, Valencia, CA)
according to the manufacturer’s recommendations. Elution o f the plasmids from the column was
performed with 55 pi o f filtered HPLC water pH=8-8.5, which was extemporaneously prepared. All
eluted plasmids were stored at -70 °C. Plasmid quality and quantity were checked and estimated by
running 1 or 2 pi o f plasmid on a 1% Seakem GTG gel. Restriction analysis with EcoRI from 8 or
more pi o f plasmid was conducted. The restricted reaction was run on a 4% gel (1/4 Seakem GTG, V*
Nusieve GTG) to verity the presence and the size o f the insert. Plasmids with the correct size insert
were sequenced with PE Biosystem 377 ABIPrism automated sequencer. Concentrations o f plasmids
harboring an insert 100% identical to the original K-rar and p53 wild and mutant type sequences were
more precisely determined using fluorometry (Hitachi F-2000 fluorescence spectrophotometer,
Hitachi Instruments Inc, Dallas, TX) or spectrophotometry (DU®-64 Spectrophotometer, Hitachi Ltd,
Tokyo, Japan) when fluorometry became unavailable. Pure pBR322 plasmid DNA (Sigma, Saint
Louis, MO) at two different concentrations (250 and 25 ng / pi) was used in fluorometric
measurement to define the linear relationship between observed values and known DNA
concentrations. A concentration o f 100 ug / pi o f pBR322 plasmid helped verify the accuracy o f the
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spectrophotometric measurements. pBR322 plasmid was chosen because it has a similar number o f
base pairs and GC content compared to the pCR2.1 plasmid used for the preparation o f PCR/RE/LCR
standards.

PCR/RE/LCR A s s a y ,

a n O v e rv ie w

This method has been previously described by Wilson et al. (1999). A highlight o f the
principle will be given and illustrated in Figure 4.2. For further details regarding reagents, the reader
is referred to the article.
PCR/RE Selection
The purpose o f this step is to enrich a sample in mutant type alleles by negative selection o f
wild type alleles using three successive steps o f amplification (PCR) and digestion with restriction
endonuclease (RE). When the considered site does not include a natural restriction site, a modifying
primer with a matching sequence and a S' mismatch sequence (recognition sequence) o f about 20
nucleotides long each was designed to create a restriction sequence at the considered site o f selection.
During subsequent PCRs, only PCR products bearing the recognition sequence and thus the created
restriction sequence will be amplified specifically using one nested primer annealing to this
recognition sequence.
Six pg o f genomic DNA were submitted to 2S cycles o f amplification with 1 unit o f Taq
Gold polymerase (Perkin-Elmer/Applied Biosystems, Foster City, CA) in a SO pi PCR reaction
(PCRl) with 0.2 mM o f dNTPs and IX PCR II buffer. Twenty microliters o f PCR1 products were
then digested with about S units o f the appropriate restriction endonuclease (New England Biolabs,
Beverly, MA) for at least 12 hours in a total volume o f 2S pi according to the manufacturer’s
recommendation (D l). After this first cycle o f selection, 2 pi o f the restricted solution D1 were
amplified by 1 unit o f Pfii Turbo polymerase (Stratagene, La Jolla, CA) using a set o f hemi-nested
primers for 20 cycles in a SO pi PCR reaction (PCR2). The same restriction endonuclease as D l was
used for digestion o f two fifths o f PCR2 products (D2). After this second cycle o f selection, 2 pi o f
the restricted solution D2 were once more amplified by Pfit turbo polymerase using another set o f
hemi-nested primers for 20 cycles in a SO pi PCR reaction (PCR3). These PCR3 products were then
subjected to a last step o f restriction (D3) in a manner similar to the two previous digestions.
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Detection
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Figure 4.2: PRC/RE/LCR design, overview. PI, P2, P3 and P4 are the primers used
successively used for amplification. Straight lines represent matching sequences o f the primers.
Jagged lines represent mismatched sequence o f the primers, nn from PI primer when no restriction
site exists at the selected site modify the sequence to introduce a restriction site. The wild type
selected site in this example is a GC base pair. LCR invariants primers are end-labeled with 32P.

LCR Detection
One microliter o f PCR3 or D3 reaction was amplified by LCR for an additional 30 cycles in
10 pi reaction containing 40 units o f Taq ligase (New England Biolabs, Beverly, MA), 1 pM o f each
wild type or each mutant type discriminating primer, 1 million cpm o f each 12P end-labeled invariant
primers, 4 pg o f salmon sperm DNA and 0.1% Triton X-100 in standard LCR buffer. The conditions
o f the LCR were identical for all sites investigated: first denaturation at 94 °C for 2.S min followed by
30 cycles o f denaturing step at 94 °C for 1 min and annealing step at 65 °C for 4 min. Ligation
products were resolved on a 7 M urea (UltrapureTMLife Technology, GIBCO BRL, Grand Island,
NY), 10% polyacrylamide (Amresco, Solon, OH) gel along with oligonucleotide standards
encompassing mutant A, T or C at the site o f interest. Gels were dried at 70°C for 40 min to 1 hour
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and exposed to X-ray film for 30 min to I hour. LCR products were identified by size and compared
to the mutant standards.

R esu lts
C o t t o n R a t K -/ w s E x o n I S e q u e n c e
Sequencing o f eight different bacterial colonies transformed with the plasmid gave identical
results. A representative run o f the eight obtained sequences is presented in Figure 4.3. Figure 4.4
gives the resulting sequence for exon 1 of K-rav gene from Cotton rat.
CGCAACnTTGCT ACEGAGCTCGG A r c a c r ACT AACGGCCCEC AGTGTGCTGG AArTCGGCn£TATCGT M3GATCATATTCA3

CCACAAAGTGATTC7GAAT7AGCTGT ATCGTCAAGGCACTCTTGCCTACGCCAOC AGCTCCAACTACCACAAGTTTATAT"
90
100
110
120
130
140
ISO
160

FCAGTCATTTICAGC AGGCCTTATAATAAAA ATAATj
170
180
19Q
20!

GCCG AATTCTGCAG ATATC C
230
240

Figure 4 3 : Sequence o f exon 1 o f fC-ras gene from Cotton rat (Sigmodon hispidus). See
sequence within brackets.
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1

GTTCTAATTT

51

a tg a c tg a A t

AG TTA TA TTT

ATAAACTTGT

1 0 1 TGCCTTGACG

ATACAGCTAA

TTATTATTTT

TATTATAAGG

GGTAGTTGGA

GCTGOTGGCG

TTCAGAATCA

CCTGCTGAAA

TAGGCAAGAG

GAATATGATC

CTTTGTGGAT

1 5 1 CTACGATAG

Large size T corresponds to an additional base in Sigmodon hispidus versus Rattus norvegicus.
Large size A corresponds to codon 3 site 3 where a guanine base is found Rattus norvegicus.
Italic letters correspond to primer location.
Underlined letters correspond to exon 1.
Bold letters correspond to codon 12._____________________________________________________
Figure 4.4: S' to 3' sequence o f exon 1 o f K-ras gene from Sigmodon hispidus.

S ta n d a r d P r e p a r a tio n f o r D e v e lo p m e n t o f

PCR/RE/LCR

Figures 4.S through 4.8 display the results o f the sequencing o f the four different standards.
These were all 100% identical to their original sequence for the wild type. In the case o f the mutant
type standards, pS3 c l79 s2 mutant type standard presented deoxythymidylate instead o f
deoxyguanylate and K -ro sr cl2 s2 mutant type standard displayed deoxyadenylate instead o f
deoxyguanylate.
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Figure 4S t Sequence o f thep53 ES Wt#13 plasmid (insert is within brackets).
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Figure 4.6: Sequence o f the p53 E5 Mt#4 plasmid (insert within brackets displays
thymidylate instead o f a guanylate at codon 179 site 2).
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Figure 4.7: Sequence o f the iC-ros E l Wt#22 plasmid (insert is within brackets).
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Figure 4.8: Sequence of the K-ras El Mt#l plasmid (insert within brackets displays
adenylate instead o f guanylate at codon 12 site 2).

Dilution o f the plasmids in IX TE were performed to obtain a stock solution o f plasmid
corresponding to IO8 or 109 copies / pi. Calculations were based on die measured concentration o f the
plasmids and the calculated molecular weight o f the pCR 2.1 vector (48 ng / 20 finol). This
information is given in Table 4.4. Ten fold serial dilutions in IX TE was performed to obtain a panel
o f concentrations ranging from 109 down to 10'2 copies o f plasmids / pi. Storage was at -70°C and
plasmids were always kept on ice when handled to prevent any decomposition.
Table 4.4: Concentration o f standard plasmids.
Standard plasmids
Concentration

Molecular weight

Copy Ux l08/p!

VTE to add for 10* copy/pl

p53 Wt#l3

28.125 n g/ p i

2.53 ng / fmol

66.9

659 pi TE to 10 pi Wt#l3

pS3 Mt (#4

33.75 ng / pi

2.54 ng / fmol

79.9

789 pITEto 10 pi Mt#4

K -w a e n c

Concentration

Molecular weight

Copy # x 10*/pl

VTE to add for 109 copy/pl

K-ras Wt #22

93.95 ng / pi

2.49 ng / fmol

22.7

65 pITEto 3 pi Wt#22

K-ras Mt # I

94.375 ng / pi

2.49 ng / fmol

22.6

108 p I T E t o 5 pi Mt#t

dSS

acne

Designs for sensitivity assay for the one-in-a-niillion mutation detection assay PCR/RE/LCR
were based on the same frame fo rp iJ cl79 site 2 and K-rar cl2 site 2.
A/ Verification o f the concentration o f template.
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Nested PCR. of serial dilutions o f wild type DNA and mutant type plasmid were performed.
Wild type and mutant LCR discriminating primers, respectively, were run on these samples to verify
the accuracy o f the standard concentration.
B/ Verification for polymerase-induced artifact.
Pure wild type plasmid (10s or 106 copies) and pure genomic DNA (1 million copies) were
submitted to three rounds of PCR / RE. LCR discriminating mutant and wild type primers were
assayed on each sample to verify efficient amplification o f the samples and possible artifact
mutations.
Mutant plasmid (10s or 104 copies) underwent the selection procedure and nested PCRs. LCR
discriminating mutant primers were assayed on the selected pure mutant sample as a control for the
amplification o f the PCR/RE/LCR assay. LCR discriminating wild type primers were assayed on the
nested sample to verify the absence o f false wild type results.
C l Assessment o f the sensitivity o f the assay.
Serial dilution o f mutant plasmid in wild type DNA were performed and submitted to the
selection procedure. Wild type LCR discriminating primers were run on a few samples as a control for
the amplification o f the PCR/RE/LCR assay. LCR discriminating mutant primers were assayed on all
samples to determine the sensitivity o f the assay.

p 53 c l 73 S ite 2: F a i l u r e o f I n s e r ti o n o f t h e R e s t r ic te d

S e q u e n c e b y t h e M is m a tc h e d P rim e r
The PCR/RE design for p53 cl73 displaying the expected sizes o f the PCR products and
restricted products is shown in Figure 4.9. Optimization o f MgClz concentration for the first PCR and
annealing temperature were optimized based on 40 cycles o f amplification instead o f 25, 20 and 20
for PCR1, PCR2 and PCR3, respectively, for appropriate visualization o f the PCR products in agarose
gels. This optimization resulted in the selection o f the values also shown in Figure 4.9. A 2 step PCR
was performed for each step to prevent the undesired extension o f a PCR product o f higher molecular
weight. This was possible because o f the small size (about 170 bp) o f our desired PCR products.
Figure 4.10 provides illustrations o f gel electrophoresis results for PCR products after 40
cycles o f amplification along with their restricted products under the optimized conditions described
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Figure 4.9: PCR/RE design for selection o f mutant at c l 73 o f the cotton rat (Sigmodon
hispidus) p53 gene.

earlier. It appeared that PCR I was efficiently digested, whereas PCR2 was partially digested and
PCR3 remained relatively uncut. Thus, the successive digestions were less and less efficient o r a PCR
product encompassing an altered BstUI restriction site was selected.
The assumption that the efficiency o f the successive digestion by BstUI was decreased as a
consequence o f the different PCR amplifications was explored. Experiments were conducted on
previously restricted PCR2 and PCR3 samples in an attempt to remedy this lack o f restriction
efficiency. Neither purifying the PCR2 products by ethanol precipitation before digestion, nor using
Taq Gold polymerase 10 X buffer instead o f Pfu 10 X buffer during amplification, nor adjusting the
PCR2 products in Pfu buffer to similar conditions as the PCR1 products in Taq buffer (PCRU buffer),
nor adjusting the pH o f the PCR reaction to the optimal pH for BstUI endonuclease by preparing a
home-made 10 X BstUI buffer (84 mM MgC12,420 mM NaCl, 0.1 M DDT and 40 mM Tris, pH=6.8
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Figure 4.10: PCRJBstUf selection o f mutation at cl73 o f p53 gene,
a- PCR1/D1:
lanes I and 3: PCR1
lanes 2 and 4: Dl
lane S: negative control
b- PCR2/D2:
lan el:P C R 2
lane 2: D2
lane 3: negative control
c- PCR3/D3:
lanes I and 3: PCR3
lanes 2 and 4: D3
lane S: negative control
PCR products are efficiently digested after the first restriction, whereas the two following
restrictions are only partial.

(»

Selected
P( Re

N c s l c d l ’( R '

Figure 4.11: Effect o f various digestion buffers on BstUI restriction from selected (lanes 1,
2, 3) or nested (lanes 4, S, 6) PCR3 products. Each set o f two bands represents the PCR3 product
followed by its D3 product
Lane 1 and 4: respectively, selected and nested PCR3 products and their respective D3
products using 17S mM Tris pH=6 10X digestion buffer.
Lane 2 and S: respectively, selected and nested PCR3 products and their respective D3
products using 40 mM Tris pH=6.8 10X digestion buffer.
Lane 3 and 6: respectively, selected and nested PCR3 products and their respective D3
products using NEB2 10X digestion buffer.
Digestion by BstUI was successful from nested PCR3 products independently o f the 10X
digestion buffer.
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or 175 mM Tris, pH=6.0) improved the restriction efficiency. However, when restriction with either
o f these homemade buffers or commercial BstUI buffer was performed on nested PCR3 products, the
digestion yielded two digested products with appropriate sizes (cf Figure 4.11).
Alternatively, an altered BstUI restriction site was selected. This was investigated by
submitting for sequencing the restriction product issued from the third round o f amplification /
restriction (PCR3 = 35 to 40 cycles). Sequencing o f three separate D3 products using the
CRp53E5CR.primer showed consistently that PCR products with the CRp53EBstUI primer
recognition sequence but without the BstUI restriction site were selected (cf Figure 4.12a). The two
base pairs 5 ’ to codon 173 should have been 3-CG3- as the 3* end o f the CRp53EBstUI primer OPC
grade. However, these two base pairs were 5GA3- and matched the sequence o f the template. A new
CRp53EBstUI primer was ordered with a higher degree o f purification (HPLC). The selection
procedure displayed identical pattern to the selection procedure conducted with the CRp53EBstUI
OPC grade. Using CRp53E5CR.primer, sequencing o f two separate D3 products based on the
CRp53E5BstUI HPLC grade highlighted two missing base pairs (yCGy) 5’ to codon 173 and
overlapping sequences at the level of the CRp53EBstUI in one case (Figure 4.12b). In the other case,
the absence o f the BstUI restriction sequence was noted.
A subsequent design creating a HinPI restriction sequence 5-GCGC3- encompassing codon
173 was elaborated (cf: Figure 4.13). Because o f the presence o f another 5GCGC3-, a second
mismatching primer destroying this natural restriction site was required. However, no efficient
amplification could be achieved with MgClj concentration ranging from 1.25 mM to 3.5 mM and
annealing temperature ranging from 55°C to 65°C.
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Figure 4.12: Sequences o f the D3 products obtained by PCR/RE cl73 o f p53 gene using
BstUI modifying primer, HPLC grade in the first PCR.
a - restriction site is not created, original template sequence is present,
b - restriction site is not created, 2 base pair (CG) deletion is noted at the level o f c l 73 abd
BstUI modifying primer.
CTGGCCAGCT GGCAAAAACA TGCCCTGTGC AGCTGTGGGT CAGCTCCACA CCTCCACCTG
GACCGGTCGA CCGTTtTTGT ACGGGACACG TCGACACCCA GTCGAGGTGT GGAGGTGGAC
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TAGGCTTAGC TCCTCCTCAT CATCTCATCC GAGTGGAANG AAATCTGCGT GCGGAGTATT
ATCCGAATCG AGGAGGAGTA GXAGAGTAGG CTCACCTTNC TTTAGACGCA CGCCTCATAA

PCR conditions
PCR primers
CRp53E5HinPI/
CRp53ESHhaIR
CRp53E5F/
CRp53E5DR
CRp53E5F/
CRp53E5DR

Annealing T
55°C to 65°C

Size of the products from:

Pol, [MgCl2]
Taq, 1.2S to 3.5 mM

PCR
129 bp

HinPl digestion
70 b p + 59 bp

Pfu,

124 bp

46 bp + 57 bp

Piu,

124 bp

46 b p +107 bp

Figure 4.13: PCR/RE design for selection by HinPl o f mutant at cl73 o f the cotton rat
{Sigmodon hispidus) p53 gene.
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p 53 c l 79 S ite 2: D e te c tio n o f P o ly m e r a s e - I n d u c e d M u t a t i o n
The PCR/RE design displaying the expected sizes o f the PCR products and restricted
products is shown in Figure 4.14a. Conditions for the first PCR were optimized with MgCL
concentration ranging from 1 mM to 3.5 mM, 0.2 or 6 pg o f DNA as template and annealing
temperature starting from 62°C to 70°C based on 35 cycles o f amplification.
This optimization revealed that the higher the annealing temperature of PCR1, the more
MgClz was required for efficient amplification. More MgCl2 was also necessary in the PCR reaction
when 6 pg o f genomic DNA was used instead o f 0.2 pg. As for p53 cl73 design, PCR1 was
effectively digested, whereas PCR2 was partially digested and PCR3 remained almost uncut. When
PCR2 and PCR3 reactions were restricted for the first time, the digestion appeared complete.
Moreover, PCR2 and PCR3 displayed increasing presence o f multiple PCR products, two after the
second amplification and three after the third. Testing various annealing temperatures (68°C to 72°C)
for PCR3 did not yield any significant improvement.
Various combinations o f primers (G/BR and H/CR for PCR1, J/CR and H/KR for PCR2) for
the selection process were tested. Optimization was conducted using a lower concentration o f MgCL
(from 1.25 to 2 mM). The major improvement was the obtention o f a unique PCR product in PCR2
and a better efficiency o f digestion (cf: Figure 4.15). Selected parameters for amplification are
reported in Figure 4.14a. Figure 4.14b displays the design o f the LCR assay for p53 cl79 s2.
Based on the selection design, a sensitivity assay was performed using a mixture o f p53
mutant plasmid (104 to 10'2 copies) in wild type plasmid (10s copies) or 6 pg o f genomic DNA (about
1 million copies). Figures 4.16a and 4.16b display the results o f the LCR assay for the mixture o f Mt
plasmid / genomic DNA. Contrary to expectation, no mutant T but mutant A could be detected from
all mixture o f Mt / Wt plasmids. In the Mt plasmid / genomic DNA mixture, up to 100 copies o f
mutant T plasmid could be detected. Thus, the sensitivity o f the assay was below 10"* with the
plasmids mix and 10“* with the Mt plasmid / genomic DNA mix. When, removing the LCR
discriminating primer for A mutant type, the sensitivity o f the assay went down to 10'5 but an
additional C mutant could be detected in all samples (Figure 4.17). Specificity o f each mutant type
discriminating primer was assessed on PCR product amplified from 7 x 106 copies o f Wt #13 plasmid.
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Size of the products from:
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PCR primers
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Figure 4.14a: PCR/RE design for selection o f mutant at c l 79 o f the cotton rat (Sigmodon
hispidus) p53 gene.
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Figure 4.14b: LCR design for detection o f mutant at cl79 site 2 o f the p53 gene.
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Figure 4.15: PCR/HinPI selection o f mutation at cl79 o fp53 gene.
100 bp DNA ladder in all pictures.
a- PCRl/D 1:

lanes I to 9: PCR1
lanes I and 2: liver from inbred Sigmodon hispidus
lanes 3 and 4: liver from wild Sigmodon hispidus
lanes S and 6: kidney from inbred Sigmodon hispidus
lanes 7 and 8: brain from inbred Sigmodon hispidus
lane 9: negative control
lanes 10 to 18: Dl from the above PCR1 in respective order.

b- PCR2/D2:

lanes 1to 9: PCR2
lanes 1 and 2: liver from inbred Sigmodon hispidus
lanes 3 and 4: liver from wild Sigmodon hispidus
lanes 5 and 6: kidney from inbred Sigmodon hispidus
lanes 7 and 8: brain from inbred Sigmodon hispidus
lane 9: negative control
lanes 10 to 18: D2 from the above PCR2 in respective order

c- PCR3/D3:

lanes 1to 5: PCR3
lanes 1 and 2: liver from inbred Sigmodon hispidus
lanes 3 and 4: liver from wild Sigmodon hispidus
lane 5: negative control
lanes 6 to 10: D3 from the above PCR3 in respective order

Figure 4.16: PCR/RE/LCR codon 179 base site 2 ofp53 gene.
a - Polymerase-induced mutant A at cl79 base site 2 o f p53 gene from Cotton rat as deduced
from the Wild type plasmid. Mutant type plasmid has thymidilate instead o f guanylate at c l 79 s2.
b - Concentrations o f Wt and Mt plasmid were appropriate as indicated by the detection o f
Wt and Mt T LCR product up to one copy o f plasmid. The PCR/RE/LCR assay was able to detect 10\
10J, 102 copies o f M t T plasmids in 2 x 106 copies o f genomic DNA.
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Nested PCR o f plasmid dilution
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Figure 3.19: PCR/RE/LCR cl79s2 p53 gene. Mt A LCR discriminating primers were not
included in the mix o f Mt LCR discriminating primers.
104, 103, 102 and 10 copies o f Mt T plasmids in 2 x 106 copies o f genomic DNA (= 106 cells)
were detected by PCR/RE/LCR, corresponding to a sensitivity o f 10‘5.
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Figure 4.18a: Specificity o f pairs o f Mt discriminating primers assayed on PCR products
from Wt p53 plasmid. PCR products were obtained from about 7 x 106 Wt p53 plasmid template
amplified for 30 cycles with P f u pol. Wt discriminating primers were run as positive control for the
LCR reaction. None o f the Mt discriminating primers generated non-specific products.
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Figure 4.18b: Mutation spectrum at codon 179 site 2 o f p53 detected by PCR/RE/LCR from
selected Wt and Mt standard plasmid.
(T) LCR discriminating primer induced an ardfactual sense product 42 base long. It was
redesigned. The new T primer didn’t generate this artifact anymore and was the primer used in all
described assays. Mt LCR discriminating primer mix includes this more recent version of T primer.
Mutation detected from this PCR/RE/LCR assays were G->A, G->C to a lesser extent, T->C
and T->G.

None o f the primers displayed non-specific ligation products (Figure 4.18a). When these primers were
assayed separately on the third restriction reaction o f pure Mt or Wt plasmid (10* copies),
discriminating LCR primers detected an A and C mutant from the Wt samples and G and C mutant
from the Mt samples (Figure 4.18b). The observation that Wt LCR discriminating primers detect a G
wild type from D3 pure mutant sample contradicts the result obtained from its third PCR, where no G
was detected (Figure 4.16a) since less wild type copies will be present in the digested D3 sample than
in the PCR3 sample.
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K -/w s c 12 S it e 2: P o o r S e n s it iv it y o f t h e A s s a y
Figure 4 .19a displays the PCR/RE design along with the expected sizes o f the PCR products
and their restricted products and the optimized PCR conditions. Conditions for the first PCR were
optimized with MgCL concentration ranging from 1.2S mM to 2.S mM, using 0.2 or 6 pg o f DNA as
template, two different versions o f modifying primers and annealing temperature ranging from S7°C
to S8.5°C. PCR obtained after 35 cycles o f amplification was visualized on agarose gel. Figure 4.20
highlights that 2.5 mM and CR HphIR yielded better results on 6 pg o f genomic DNA.
Efficiency o f HphI endonuclease restriction o f PCR I products was tested at various
incubation times at 37°C (cf: figure 4.21). Even when samples were kept on ice, some o f the 137 bp
PCR products were digested. After 15 min o f incubation, no visible 137 bp PCR product was
observed confirming efficient digestion o f our products by HphI. Based on these results, digestion
times were decreased to 3 hours, 2 hours and 2 hours for the first, second and third round of
restriction, respectively, in the PCR/RE selection.
Using our plasmid standards as template, all restrictions were shown to be highly effective
from D 1 to D3 on wild type standard and without effect on mutant type standard (cf: Figure 4.22).
All genomic DNA Cotton rat templates used in the optimization of this assay were extracted
from inbred Cotton rat tissues. Genomic DNA extracted from feral Cotton rats was later used to assess
the adaptability o f our design from inbred Cotton rats to their wild type counterparts. Comparison
between DNA o f inbred Cotton rats and feral Cotton rats gave the same amplification pattern.
A sensitivity assay was performed, which was similar to the design as for pS3 c l 79 with two
modifications. Mutant plasmids were not mixed with Wt plasmids but with 6 pg o f genomic DNA
only and the presence o f Taq polymerase-induced mutations was controlled with 106 and 107copies of
Wt plasmid. Specificity o f the mutant A LCR discriminating primers was assessed on standard LCR
oligonucleotides and wild type DNA, which was obtained by nested PCR from 13 copies o f genomic
DNA (Figure 4.23b). Mutant A discriminating primers were specific. The concentration o f genomic
DNA was accurate as shown by nested PCR on diluted samples, whereas Wt and Mt plasmid
concentrations may be 10 fold underestimated and overestimated, respectively (Figure 4.23a). No
mutations were detected from the pure Wt samples, that underwent selection. However, the sensitivity
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Figure 4.19a: PCR/RE design for selection o f mutant at cl2 o f the cotton rat (Sigmodon
hispidus) K-rus gene.
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Figure 4.19b: LCR design for detection o f mutant at c l 12 site 2 o f the cotton rat (Sigmodon
hispidus) K-ras gene.
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Figure 4.20: PCR1 conditions for amplification o f K-ras c l 2 from Sigmodon hispidus.
100 bp DNA ladder
Lane 1 to 4: 1.2S mM MgCl2
Lane 1 and 2 :6 pg genomic DNA as template
Lane 1: amplified with CRKrasElHphlR
Lane 2: amplified with RKrasElHphlR
Lane 3 and 4 :0.2 pg genomic DNA as template
Lane 3: amplified with CRKrasElHphlR
Lane 4: amplified with RKrasElHphlR
Lane S to 9: 2.5 mM MgCN
Lane S and 6 :6 pg genomic DNA as template
Lane 1: amplified with CRKrasElHphlR
Lane 2: amplified with RKrasElHphlR
Lane 7 and 8:0.2 pg genomic DNA as template
Lane 7: amplified with CRKrasElHphlR
Lane 8: amplified with RKrasElHphlR
Lane 9: negative control
Higher concentrations o f MgCl2 are required when quantities o f template increase.
CRJCrasE 1HphIR primer yielded higher amplification efficiency than RKrasE 1HphlR.
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Figure 4.21: HphI restriction efficiency ofK -rar PCR1 products.
Lane 1: PCR1 products amplified after 35 cycles from 104copies o f Wt plasmids.
Lane 2: D l, sample kept on ice for 1 hour.
Lane 4: D l, sample incubated at 37°C for 5 mn, then kept on ice for 55 mn.
Lane 5: D l, sample incubated at 37°C for 10 mn, then kept on ice for 50 mn.
Lane 6: D 1, sample incubated at 37°C for 15 mn, then kept on ice for 45 mn.
Lane 7: D l, sample incubated at 37°C for 20 mn, then kept on ice for 40 mn.
Lane 8: D 1, sample incubated at 37°C for 30 mn, then kept on ice for 30 mn.
Lane 9: D l, sample incubated at 37°C for 50 mn, then kept on ice for 10 mn.
Restriction by HphI takes place even on ice. After 10 mn o f incubadon at 37°C, no
remaining PCR1 products are visible.
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Figure 4.22: ?C9JHphl selection o f mutation at cl2 o f K-ray gene from Mt and Wt plasmid
standards.
100 bp DNA ladder
a- PCR1/D1:

b-PCR2/D2:
respective order.

Lanes I to 5: PCR1
Lanes 1 and 2:1.25 mM MgCl2.
lane 1: Mt plasmid
lane 2: Wt plasmid
Lanes 3 and 4:2.5 mM MgCI2.
lane 3: Mt plasmid
lane 4: Wt plasmid
Lane 5: negative control
Lanes 6 to 10: Dl from the above PCR1 products in respective order.
Lanes 1 to 5: PCR2 (with Pfu pol) from the above Dl products in

Lane 6: PCR2 (with Taq pol, 2.5 mM MgCl2) from D l
Lanes 7 to 12: D2 from the above PCR2 in respective order.
C-PCR3/D3:
Lanes 1 to 5: PCR3 (with Pfu pol) from the above D2 products in
respective order.
Note: lane 2 presents a partial digestion of PCR3 Wt plasmid because o f the known introduction o f
some HphI restriction enzyme by mistake.
Lane 6: PCR3 (with Taq pol, 2.5 mM MgCl2) from D2
Lanes 7 to 12: D3 from the above PCR3 in respective order.
Mt plasmids are not restricted while Wt plasmids undergo efficient digestion. None o f the Wt
PCR products is visible after restriction on these gels.
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Figure 4.23: PCR/RE/LCR codon 12 site 2 o f K-ras gene from Sigmodon hispidus.

a- Nested PCR/LCR from serial dilutions o f genomic DNA, Wt and Mt plasmid. Estimation
o f the concentrations o f genomic DNA and Wt plasmid was appropriate. Amplification o f 10 copies
Mt plasmid gave a weak signal suggesting either concentration underestimation or LCR inefficiency
as mentioned in the discussion.
b- Specificity o f A LCR primer assayed with T and C standard oligonucleotides (Std T and
Std C, respectively) and nested PCR products from 13 copies o f genomic DNA (W t 13). No non
specific LCR products were observed.
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o f the assay was below I O'3 since no mutant A could be detected from a sample o f I million copies o f
genomic DNA in which 1000 copies o f Mt plasmids were mixed (data not shown).

D is c u s s io n
The known p53 sequence o f exon 5 o f Sigmodon hispidus is homologous with the sequence
from Rattus norvegicus (Genbank accession number X13058) providing 89% (137/154) identical
nucleotides. Seventeen nucleotides were different but most o f them (15/17) were located at positions
that do not modify the protein sequence. As a result, only 2 out o f 51 amino acids change from
threonine in F344 rats to serine in Cotton rats. Both amino acids are polar and uncharged so that they
can play homologous roles in the p53 protein. Thus, this part o f p53 protein o f Cotton rats is 100%
homologous to the one from F344 rats. Compared to the human p53 gene (Genbank accession number
AF136270), this gene sequence o f the Cotton rat sequence has 86% (130/154) identical nucleotides.
Only four out o f the 22 codons bearing these different nucleotides are not translated into identical
amino acids in the p53 protein. However, contrary to F344, three out o f the four different amino acids
present different chemical properties (aspartate, glutamine and serine from human codon 148, 165 and
185 are changed to serine, lysine and glycine in the cotton rat p53 protein, respectively). As a result,
this fragment of the Cotton rat p53 protein has 92% (47/51) identity and 94% (48/51) homology with
the corresponding part o f the human p53 protein. Based on this fragmental data, it may be
extrapolated that the function o f the Cotton rat p53 is closer to the protein from Norway rats than
humans. However, no definitive conclusion can be reached as only a small part o f the p53 Sigmodon
hispidus sequence is available.
From the present study, the sequence o f K-ras exon 1 o f Sigmodon hispidus was found to be
more than 99% (120/121 nucleotides) and 97% (154/158 nucleotides) identical to the sequence o f
exon 1 o f Rattus norvegicus (Genbank accession number X74502) and Homo sapiens (Genbank
accession number M34904), respectively. The only base change that was observed in the rat occurred
at codon 3 site 3 o f exon 1. A guanine base was found at this location in the F344 rat, whereas an
adenine base was detected in the Cotton rat. This change at the third base o f codon 3 does not induce
any change in the p21 protein because o f the wobble effect GAG and GAA codons both encode for
glutamic acid. All nucleotide changes also occur at the third bases inducing no changes in the amino
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acid sequence compared to the human ras protein. This 100% identity in this part o f the K-ras protein
between Cotton rats, rats and humans confirms the well-conserved characteristic o f this protein. In the
sequence corresponding to intron 0, it is noteworthy to mention an insertion o f a deoxythymidylate
between position 18 and 22 o f the sequenced Cotton rat gene compared to the rat sequence. Instead of
having four thymidylates in a row as in the F344 rats, Conon rats have five thymidylates in a row.
Such alteration can occur by slippage o f the DNA polymerase and potential transmission of this
change to progeny if the lesion occurs in germ cells or early in embryo development and is not
repaired and does not result in the death o f the cell.
Plasmid construction has been used in previous studies as a tool for sensitivity assessment of
mutation detection assays (Parsons and Heflich, 1998a). Site-directed mutagenesis with synthetic
mutagenic oligonucleotides is a convenient and efficient method to modify a wild type plasmid,
although generally less than 50% o f transformed bacterial colonies carry the mutant plasmid (Watson
et al., 1992). Other PCR-based mutagenesis techniques involve long-PCR and the mutation rate may
range from 25 to 100% (Picard et al., 1994). Since our inserts were small, an approach using a long
mutagenic primer bearing the desired mutation was selected and the mutant PCR product amplified
from genomic Sigmodon hispidus DNA cloned into the pCR2.1 vector. Stochastic derivations of the
inserted sequence from the template sequence were attributed to Taq polymerase-induced alterations.
Screening o f multiple colonies was required due to the presence o f these artifacts. The use of Pfu
turbo polymerase may have limited the number o f artifacts. However, pCR2.1 vector has overhanging
T nucleotides, which facilitate the ligation process when using DNA polymerase with terminal
transferase activity. Thus, Taq DNA polymerase was chosen. Plasmid concentrations, measured using
spectrophotometry (fluorometric or UV) and verified by running LCR primers on nested PCR product
o f the serial dilution, revealed that the qualitative estimations were overall accurate.
The lack o f successful creation o f a BstUI restriction site for pS3 c l 73 s2 invalidated this
approach for a PCR/RE/LCR assay. Possible explanations include the selection o f PCR products
generated from the CRp53E5BstUI modifying primer with an incomplete 3’, destruction o f the 3*
mismatch by residual exonuclease activity, a slippage o f the DNA polymerase during the
amplification, a misalignment o f the CRp53E5BstUI primer at its 3’ end or the presence o f a
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pseudogene. In the event that some o f the critical modifying primer had an incomplete 3 ’ terminus,
part o f the amplified PCR products would not carry the BstUI restriction sequence. Selection but also
the preferential extension by Taq DNA polymerase o f matched base pairs at template-primer 3’termini (Huang et al., 1992) (Gelfand and White, 1990) would act synergistically in the final detection
o f PCR products without restriction site. Further purification o f the modifying primer (HPLC grade)
did not result in the creation o f the BstUI restriction endonuclease recognition sequence. Moreover,
purification problems were not seen with other designs such as rat K-ras cl 2 (this study) or human Nras c 12 (Wilson et al., 1999). No 3’->5’ exonuclease activity has been reported for Taq DNA
polymerase in two separate studies (Eckert and Kunkel, 1990), (Tindal and Kunkel, 1988). Thus,
destruction o f the 3’ end o f the modifying primer was an unlikely event. Misalignment o f the
modifying primer has been reported in a study using similar techniques (PCR/RE) (Baker and
Rothberg, 1998). A mismatched primer with an AAT 3’ ending was used to create a M sel restriction
site (TTAA) resulting in a AATTAA sequence instead o f the AAATAA sequence o f the original
template. However, the Msel site was not consistently generated by the modifying primer because o f a
misalignment o f the modifying primer and a single base loop-out o f an adenylate. A misalignment
would be consistent with one o f the sequencing results from the 3rd digestion o f selected sample of
genomic

DNA.

The

observed

sequence

was

5’AACGCTG3’

instead

of

the

desired

5’AACGCGCTG3’ if the restriction sequence was correctly created or 5’AAGACGCTG3’ if
unmodified. The 2-base pair deletion, in this case, may have resulted from the misalignment o f the
CG3’ end o f the PCR modifying primer with the 3’GCS’ nucleotides from the template along with a
2-nucleotide loop-out o f the template. The presence o f two overlapping sequences following the
5'GC3’ sequence suggests that another PCR product, which does not encompass the restriction
sequence either, was also selected. This was compatible with the sequencing results obtained from
another 3rd digestion o f the PCR/RE selected sample o f genomic DNA. In this case, no base deletion
was observed. Thus, different types o f PCR products without restriction sequence may be generated
by different mechanisms and be selected during the successive digestions. Polymerase slippage can
also occur during DNA synthesis by the polymerase (Friedberg et al., 1995). It cannot be excluded
that the 2-base pair loop-out occurs during any cycle o f amplification and be subsequently selected.
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Such phenomenon has been documented in vivo in eukaryotes for a segment o f alternating purine and
pyrimidine such as repeat o f guanylate and thymidylate (Hite et al., 1996) and in vitro with Taq
polymerase in relation with its low processivity, which is 40 (Murray et al., 1993). Another possible
explanation would be the presence in the genome o f the Cotton rats o f a p53-dm ved sequence bearing
a 2-base pair deletion corresponding to the first two bases o f codon 173. At least eight p53
pseudogenes have been identified in F344 rats and they may be part o f a large family o f rat
pseudogcncs (Ciotta ct al., 1995; Wcghorst ct al., 1995). However, the intron-based reverse primers in
the PCR/RE design should preclude amplification of such undesirable sequences.
The detection o f mutant type from p53 c l 79 s2 wild type plasmid prevented the application
o f the assay. Not only were G-> A mutants induced by the polymerase, G->C mutants also were
induced, probably at a lower rate since this transversion was not detected in the presence o f LCR
discriminating primer type A. The LCR primer set efficiency for mutant A detection could, however,
be greater than the primer set for mutant C detection. Moreover, T->C polymerase-induced mutation
was also detected. The error rate o f polymerase is o f great concern in genotypic assays involving
PCR. A polymerase error rate o f 10~* to 10's limits the practical sensitivity o f mutant type detection to
10'3. Decreasing polymerase error rate by 10 fold increases the identification sensitivity by a 10 fold
(Brail et al., 1993). Numerous studies have demonstrated that alteration o f PCR conditions can
improve the fidelity o f Taq DNA polymerase. Table 4.5 shows the reported error rates o f Taq and Pfit
DNA polymerases. The error rate o f Taq DNA polymerase can be as high as 2 x 10“* (Keohavong and
Thilly, 1989) but under high fidelity PCR, it has been reported as low as 3.4 x 10"® (Eckert and
Kunkel, 1990) corresponding to a two orders o f magnitude decrease. Pfu DNA polymerase error rate
is three to six fold low er 1.3 x 10'® (Cline et al., 1996) to 6.5 x 10*7 (Andre et al., 1997). High MgCI2
concentration, high dNTPs concentration and basic pH in the PCR reaction decrease the fidelity o f
Taq DNA polymerase. Low MgCL concentration (1.5 mM) and low dNTPs concentration (0.2 mM)
(Brail et al., 1993) increase polymerase fidelity but decrease PCR efficiency. Eckert and Kunkel
(1990) highlighted the fact that fidelity o f Taq DNA polymerase is affected more by the excess o f
MgCl2 relative to the dNTPs levels than by the absolute MgC!2 concentration. However, Brail et al.
(1993), Eckert and Kunkel (1990) conducted their experiment with bacterial DNA and 500 ng o f
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plasmid, respectively. Both templates have lower molecular weight than mammalian genome. The
PCR reactions, performed in the present research on PCR/RE/LCR, contain higher quantities o f DNA
(6 pg) that may possibly decrease the PCR efficiency. This is supported by the results from Figure
4.20 demonstrating the need for higher MgCU concentrations with increased amounts o f DNA. It may
also invalidate the dogma on equimolarity o f MgCI2 and dNTPs (Eckert and Kunkel, 1990) in our
study. Pfu turbo DNA polymerase, which was used in the last tow rounds o f amplification in the
PCR/RE assay has proofreading 3*->5’ cxonuclcasc activity contrary to Taq DNA polymerase. As a
result, it displays higher fidelity than polymerases without proofreading activity. However, contrary to
Taq polymerase, Pfu DNA polymerase requires higher magnesium concentration (at least 2 - 3 mM of
MgSQi), higher total dNTPs concentration (0.4 -1 .2 mM) and a basic pH (8.5 - 9.1) for increasing its
efficiency and its fidelity (Cline et al., 1996). This explains the high error rate o f Pfu obtained by Brail
et al. (1993) with 1.5 mM o f MgCl2, 0.2 mM o f dNTPs. According to the manufacturer, these notions
can be extended to Pfu turbo DNA polymerase.

Table 4.5: Taq and Pfu DNA polymerase error rate under various PCR conditions.
Error rate

Reference

1.5

Total dNTPs
(mM)
0.2

8.2 x 10*

(Brail etal., 1993)

8.9

1.5

0.2

7.2 x 10*

7.2

1

I

2 x 10°

7.2

4

4

3 x 10*

8.2

10

4

3 x 10"*

8.8

10

0.8

2.1x 10*

8.8

1.5

0.2

3.7x10*

(Keohavong and Thilly,
1989)
(Brail etal., 1993)

8.0

2.2 (M gS04)

?

< 3 x 10*

(Bracho et al., 1998)

8.8

2

0.8

1.3 x 10*

(Cline et al., 1996)

6.5 x 10*7

(Andre et al., 1997)

Polymerase

pH

MgCl2(mM)

Taq

7.5

Pfu

(M gS04)

(Eckert and Kunkel, 1990)

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The source o f the template has also been pinpointed as a possible parameter affecting DNA
polymerase fidelity (Hengen, 1995). With mathematical modeling o f an enrichment PCR, the number
o f cycles and the reaction efficiency have also been shown to influence the occurrence o f Taq
polymerase-induced mutations (Jacobs et al., 1999). The higher the number o f cycles or the higher the
reaction efficiency in PCR1, the higher the mutant fraction. Thus, it is possible that the decreased rate
o f polymerase-induced mutations previously reported at low dNTPs and/or MgClj concentration is, in
part, secondary to the decrease in PCR efficiency. Another interesting conclusion o f Jacobs et al.
(1999) was the presence o f a plateau in the artifactual mutation produced with increasing number o f
templates. Starting with 10,000 copies does not result in a higher proportion of Taq polymeraseinduced mutants than with 1 million copies. A similar observation has been made with Pfu
polymerase. The number o f target DNAs varying from 107 to 1010 did not affect the Pfu polymerase
error rate (Cline et al., 1996).
Taq DNA polymerase induces mutations in a non-random manner. A/T -> G/C transitions
are more often observed (Bracho et al., 1998; Keohavong and Thilly, 1989) followed by G/C -> A/T,
A T -> T/A, T/A -> G/C, G/C -> T/A in a decreasing order (Bracho et al., 1998). G/C -> C/G
transversions were not reported in these studies. However, some authors have mentioned this rare
mutation (Chen et al., 1991). By using a single-stranded oligonucleotide as template, Tindal and
Kunkel (1990) pointed out that A T -> G/C transitions were the result o f T -> C mutations. Pfu DNA
polymerase has been reported to induce a different spectrum o f mutation. G/C -> T/A, A T -> T/A,
A T -> C/G tranversions and A T -> G/C transitions were more frequently observed (Andre et al.,
1997). The G/C -> A T mutation, that was observed in all the selected samples from c l 79 base site 2
o f p53, is compatible with the mutation spectrum induced by Taq DNA polymerase. It is the most
prevalent one induced by Taq polymerase at G/C deoxynucleotides. G/C -> C/G mutation was also
detected. This G/C -> C/G transversion can be attributed to Taq polymerase misinsertion, even though
this transversion is not as frequently reported as the G/C -> T/A (Chen et al., 1991). It is possible that
the mutation spectrum o f Taq DNA polymerase can be modified from the reported patterns by
increases in fidelity as suggested by Eckert and Kunkel (1990). The T -> G mutation observed on D3
but not on PCR3 samples is probably not induced by Taq polymerase but is an artifact related to non-
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specific ligation by Taq ligase. The T -> C mutation corresponds to the most prevalent Tag-induced
mutation and is also part o f the P/u-induced mutation spectrum. Presence o f ligase-induced artifacts
also offer an alternative explanation for the G/C -> C/G and T/A -> C/G mutation previously
described.
Although the PCR conditions for the first PCR for c l 79 base site 2 selection (pH= 83, 1.S
mM MgCL, 0.2 mM dNTPs) fit the high fidelity conditions previously described, no experimental
verification o f the effect of the template type and quantity (6 pg o f genomic DNA) on Taq DNA
polymerase error rate was performed. In this p53 c l79 PCR1 reaction, it is reasonable to assume an
error rate higher than I O'6. However, false positive results were not observed at such high frequency in
previously developed PCR/RE/LCR assays under similar conditions. This observation suggests a
higher fidelity o f polymerase at specific deoxyguanylate and deoxycytidylate as previously reported
(Wilson et al., 1999). The Tindal and Kunkel (1988) experiments support this selective higher error
rate at specific nucleotides. They observed that T->C Taq polymerase-induced mutations occurred at
only six o f the 17 available sites (Tindal and Kunkel, 1988). Table 4.6 summarizes the results from
the PCR/RE/LCR assay at c l 79 base site 2 of the p53 gene when running pairs o f LCR primers
separately. The G/C -> A/T mutation systematically detected from all samples matched the known
mutation spectrum of Taq DNA polymerase. The G/C -> C/G and T/A -> C/G Tag-induced mutations,
though not as often as reported can, nonetheless, take place or be alternatively attributed to artifacts.

Table 4.6: Mutation spectrum observed in the assay and its significance
Plasmid assayed

Mutation

s

Explanation

Wt

G -> A

C -> T

Observed on all D3 and selected PCR3, induced by Tag pol

G ->C

C -> G

Tag-induced or artifact ?

T -> G

A ->C

Observed on D3 but not on PCR3 => artifact

T -> C

A -> G

Tag/P/u-induced or artifact ?

Mt

This pS3 cl79 s2 PCR/RE/LCR assay was still able to detect 10 mutant T copies within 6 pg
o f genomic DNA, when eluding the mutant type A LCR discriminating primers. Since these target
mutant T copies have been selected along with numerous artifactual A mutant PCR products, this 10'5
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sensitivity would support the high sensitivity o f this assay reported by Wilson et al. (1999) in the
absence o f the G -> A polymerase-induced mutation.
The K.-ras cl2 s2 PCR/RE/LCR assay failed to detect mutant A plasmids even when 2 x 106
copies o f genomic DNA were spiked with 103 copies o f plasmids. All PCR/RE restrictions were
shown to be efficient on K-ras cl2 Wt plasmids but not on K-ras c l2 Mt plasmids suggesting that,
contrary to the investigated p53 sites, no polymerase-induced mutant or modifying primer problem
seemed to occur. It is, thus, surprising not to be able to detect any copies o f Mt plasmids. Even when
increasing the number of Mt plasmids to 104 to adjust for possible overestimation o f the Mt plasmid
concentration, no mutant A could be detected. PCR/RE selection failure seemed unlikely because of
the efficient successive restrictions. Moreover, a selected sample with 104 copies o f mutant type K-ras
plasmid displayed a faint but visible PCR3 product on an agarose gel, meaning millions o f Mt
products at the end o f the PCR3 reaction (data not shown). The LCR detection assay is suspected to
be the problem since millions of Mt PCR3 products yielded only a faint LCR product.
Some o f the limitations in optimizing these PCR/RE/LCR assays include the lack of
assessment o f the PCR efficiency around 20-25 cycles of amplification. Since the PCR efficiency and
the number o f cycles can increase the error rate o f Taq polymerase (Jacobs et al., 1999) and influence
the appearance o f polymerase-induced mutations, techniques providing real-time PCR could be
valuable in the optimization o f these assays. When modifying primers are used in the first PCR for
creation o f a restriction site, the decrease in PCR efficiency secondary to the less efficient extension
o f base mispairs by Taq DNA polymerase, which has been reported between 10° to lO^fHuang et al.,
1992), could be evaluated. Recent tools are becoming available for a one-tube and one-step
convenient real-time quantitative PCR that can be adapted for allelic discrimination (Taqman, PerkinElmer, Foster City, CA). Mt and Wt allele-specific fluorogenic probes with the dye on 5’ side and a
quencher on 3 ' side anneal to denatured template DNA. Their fluorescence is enhanced when the
5’->3’ nuclease activity o f the polymerase destroys the 3’ quencher. Use o f two different dyes could
allow one to follow the efficiency o f successive PCRs and to assess the progressive selection o f the
mutant allele in the PCR/RE selection procedures. Such a valuable tool would enable the
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customization o f the number o f cycles of each PCR for efficient selection o f mutant type allele, while
keeping the total number o f cycles to the lowest possible value.
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CHAPTER 5:
CONCLUSIONS
One o f the objectives o f this research was to determine a biomarker o f toxic exposure giving
indications o f the chemical involved and potential biological effects. Biomarkers o f exposure, such as
the measure o f chemicals in animal tissues, is indicative o f the internal dose but not the biological
effective dose. Protein or DNA adduct quantification yield better indices regarding the effective dose
to the target tissue. Sister chromatid exchange, micronuclei or thioguanine resistant cells better reflect
the biological effective dose and are considered as biomarkers o f effects. However, they provide little
information regarding the type o f chemicals involved. Mutations precede tumor development and it is
now recognized that certain chemicals leave indicative mutation spectrum, such as G->A transitions
for nitrosamines and G->T transversions for polycyclic aromatic hydrocarbons. Thus detection o f
point mutations in exposed feral animals would be a valuable biomarker at the crossroad o f possible
exposure determination and potential effects. As a matter of fact, mutations in genes involved in the
carcinogenesis process such as ras and p53 genes have been proposed as earlier biomarkers o f
carcinogenicity (LeBlanc and Bain, 1997). However, except for the detection of chromosomal
alterations (McBee and Bickham, 1988; McBee et al., 1987), no studies have been undertaken so far
using point mutations as biomarkers in the bioindicator species selected for this work.
The use o f point mutations as early markers o f genotoxicity required the development o f very
sensitive techniques. Most mutation detection assays used routinely for the detection o f altered genes
in tumors have a sensitivity o f 10'2 or less. For a specific mutation to reach this frequency, clonal
expansion is a prerequisite, which implies that more than one mutation has already taken place in the
expanded cells. In feral animals, such clonal expansion may not have the time to occur because o f the
generally short life span o f wild animals. As a matter o f fact, Cotton rats living in the wild may not
live longer than 1 year or even 6 months, decreasing dramatically the opportunity for a mutation in a
gene involved in cell cycle regulation, DNA repair or apoptosis to be accompanied by additional
mutations. Based on data from a few animal studies (and theoretical information), a technique with
I O'6 sensitivity may be able to detect such rare mutants. A few assays have been developed claiming
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this sensitivity (Felley-Bosco et al., 1991; Li-Sucholeiki et al., 1999; Parsons and Heflich, 1998a;
Wilson et al., 1999). PCR/RE/LCR was selected because this assay had shown promising results at
different sites (Wilson et al., 1999), and does not require expensive equipment. Unfortunately,
adaptation o f this technique to new sites within Cotton rat DNA was not straightforward. Efforts to
yield the desired sensitivity were not successful. Several technical problems were assessed during this
research and found to arise from different artifacts. Misalignment o f the modifying primer prevented
the creation o f a restriction site at cl 73 o f the pS3, resulting in failure o f the selection process for this
locus. Polymerase-induced mutation, fidelity error that was not observed or reported in the previous
PCR/RE/LCR designs (Wilson et al., 1999) was a major drawback to the practical application of the
assay for selection o f mutants at c l 79 s2 o f the p53 gene. Nonetheless, this assay had a high
sensitivity ( 10*5), when removing the LCR primer detecting the polymerase-induced mutants (G->A).
Increase in polymerase fidelity and decreases in primer misalignment can be achieved by altering the
PCR reaction conditions (MgCl2 concentration, dNTPs concentration and pH). However, the success
o f this PCR/RE/LCR assay relies on two to three parameters: high fidelity o f the DNA polymerase,
reaction efficiency and proper annealing o f the mismatched primer when creation o f a restriction site
was required. Unfortunately, optimization o f conditions for one parameter interferes with the other
parameter. For instance, low MgCL concentration for higher DNA polymerase fidelity decreases the
efficiency o f the PCR reaction. Thus, it is difficult to precisely assess the most appropriate and
adequate conditions for each considered site. The availability o f convenient tools for real-time PCR
using specific probes would be a definitive advantage in establishing these PCR-based methods. This
work supports the notion that no mutation assay with sensitivities o f one cell in a million is
universally applicable to any base site. The various techniques reported so far are either the specialty
o f a few laboratories only, or are not used on a routine basis, or have not been applied on genomic
DNA, and did not have identical sensitivities for different sites or laboratories (Parsons and Heflich,
1998b).
The second objective o f this research was the identification o f a feral animal as potential
candidate for environmental biomonitoring to the ubiquitous PAH carcinogens. A review o f the
literature revealed that numerous studies have been conducted with various aquatic species, from fish
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(Brown et al., 1973; Liu et al., 1991; Rodriguez-Ariza et al., 1994) to marine mammals (Fossi et al.,
1997; Mathieu et al., 1997). On the other hand, there is a limited data (Bathia et al., 1994; Blondin and
Viau, 1992; Degrassi et al., 1999; Elangbam et al., 1989; McBee and Bickham, 1988) on the impact of
PAHs on terrestrial mammals. Cotton rats (Sigmodon hispidus) were selected as candidate
bioindicators based on their known biological characteristics and their availability through
commercial sources. Cytochrome P450 1A induction in Cotton rats (Qualls et al., 1998) suggests that
they were able to metabolically activate PAHs and were sensitive to PAHs toxicity. Since no study
confirms this assumption, this project attempted to address this issue by comparison with known
effects o f 2-aminoanthracene (2AA) and benz[a]anthracene (BaA) on F344 rats (Rattus norvegicus).
Results from the present study revealed that food intake o f Cotton rats exposed per os to 500 ppm of
2AA or 5000 ppm o f BaA was higher or similar respectively than the control rat. These results, which
contrast with the decreased food intake observed in F344 rats during per os exposure to 100 and 1000
ppm o f 2AA and 1000 ppm o f BaA suggest a reduced toxicity o f 2AA and BaA on Cotton rats versus
F344 (Boudreau, 1998). The suggestion o f 2AA toxicity in Cotton rat species is supported by percent
weight gains o f Cotton rats exposed to 2AA either in the diet or by intraperitoneal injection and by
microscopic examination o f their liver. Cotton rats did not present any decrease in weight gain when
exposed to 2AA adulterated diet and even showed higher weight gain when exposed to 2AA
intraperitoneally compared to their respective control, while F344 rats presented a decrease in weight
gain. Histological examination o f the Cotton rat liver from the intraperitoneal exposure displayed no
preneoplastic and neoplastic lesions (hepatic nodular hyperplasia, mixed and clear cell foci and
adenoma) while treated F344 rats harbored these lesions. The reasons for the discrepancies between
these two rat species were not investigated but differential pattern o f P450 induction (Henneman et
al., 1994; Lubet et al., 1991), mechanism-based inactivation o f P450 (Watson et al., 1995), Nacetyltransferase and deacetylase activities (Schut and Thorgeirsson, 1978) could all play a significant
role. Our results with 2AA extend the apparent lack o f responsiveness o f the Cotton rat to toxic
effects o f aromatic amines to another member o f the aromatic amine family. BaA toxicity in Cotton
rats does not appear obvious after acute exposure to a high dose administered through the diet.
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Thus, these laboratory studies, using commercially available inbred Cotton rats, suggest that
Cotton rats (Sigmodon hispidus) may not be a sensitive bioindicator of PAHs exposure in the field.
This research also highlights the need for a better understanding o f metabolic capabilities o f candidate
bioindicator organism to define their specific or particular sensitivities to environmental pollutants. It
is always possible that the Cotton rat may still be a good bioindicator species for other classes of
environmental toxicants, since the present work was limited to PAH compounds. The work presented
here on the development o f an early biomarker o f genotoxicity attempted to adapt the detection of
point mutations in non neoplastic tissues by PCR/RE/LCR techniques to new genomic DNA sites.
The results underline the need for new powerful and practical tools, such as Taqman for instance, in
the optimization o f such cutting-edge techniques, warranting additional research and possibly
promising advances.
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